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 Elucidating the mechanisms that underlie species coexistence and community 
assembly is central for understanding basic ecological patterns of species’ abundances, how 
global change may alter those patterns, and how to effectively manage ecosystems.  Niche 
and neutral theory represent two opposite sides on a continuum of potential drivers of 
community composition and coexistence.  Niche theory poses that species’ differences 
facilitate coexistence by causing intraspecific competition to be stronger than interspecific 
competition.  In contrast, neutral theory assumes that species are similar in fitness and their 
effects on one another, and that stochastic variation in births, deaths, immigration, and 
extinction allow coexistence.  Rather than being mutually exclusive mechanisms, niche and 
neutral processes may operate at different levels of biological organization.  We tracked the 
natural assembly of experimental serpentine grassland communities to test this idea.  
Specifically, we hypothesized: 1) complementarity, a niche-based deterministic process, 
would cause communities to converge toward a common functional composition; while 2) 
species composition within functional groups would be neutral and driven by stochastic 
forces such as dispersal.   
The communities were created in 1992 for a previous experiment and initially varied 
in both functional (and therefore species) richness and composition.  Four functional groups, 
chosen based on complementary resource acquisition strategies, comprised the experimental 
communities: early season annuals, late season annuals, perennial bunch grasses, and 
nitrogen-fixing annuals.  Starting in 2001, species from the surrounding grassland colonized 
the experimental communities.  I analyzed data on species richness and relative abundance 
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over the subsequent six years.  Over the first four years of the study, both functional and 
species compositions converged across treatments. Subsequently, however, functional 
composition remained relatively constant while species composition diverged among 
communities.  Niche complementarity likely drove overall convergence in functional 
composition and initial convergence in species composition.  However, species composition 
was driven by additional forces, including trait-environment relationships, density-dependent 
plant feedbacks, and potential neutrality.  Our results suggest that community composition 
may be driven simultaneously by both niche and neutral processes, and that the drivers of 
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Understanding the forces that shape plant community dynamics is important for basic 
knowledge of community ecology and its application to several current environmental issues. 
Patterns of species invasions, the effectiveness of restoration practices, and biodiversity-
ecosystem function relationships are all linked to interactions among individuals: to what 
extent are these interactions deterministic and niche-based versus stochastic?  The ability of a 
species to invade a community may depend on how the niche of the potential invader 
interacts with the resident species (Shea & Chesson 2002, Fargione et al. 2003, Hooper & 
Dukes 2010).  For instance, a potential invader may be more likely to colonize a community 
if its resource demands do not overlap with those of the resident community or if it can 
escape from natural enemies (Mitchell et al. 2006, MacDougall et al. 2009).  Similarly, 
successful ecosystem restoration depends on the ability of practitioners to reassemble 
communities from a degraded state to meet goals for biodiversity conservation or ecosystem 
services (Palmer et al. 1997, Young et al. 2005, Brudvig 2011).  Finally, clarifying 
community assembly processes could help resolve debates regarding the underlying 
mechanism(s) driving biodiversity-ecosystem function (BEF)  relationships and the relevance 
of BEF research for conservation (Loreau et al. 2001). 
Despite decades of research, the extent to which deterministic, contingent, and/or 
neutral processes structure communities remains controversial (Belyea & Lancaster 1999, 
Chase 2003, Weiher et al. 2011, Gotzenberger et al. 2012).  Theoretically, strong interactions 
among species could cause community composition to be either deterministic or historically 
contingent (Belyea & Lancaster 1999, Chase 2003, Fukami 2010).  Determinism suggests 
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that environmental conditions and species’ interactions consistently select the same suite of 
species from a regional species pool, based on the functional traits of those species and their 
degree of overlap in resource requirements.  Under this scenario, there is a one to one match 
between the environment and community composition.  In contrast, the contingent model of 
community assembly emphasizes stochastic factors and historical context, such as the order 
in which species colonize a community.  Multiple outcomes in composition are possible 
under the contingent model.  Neutral theory represents one extreme form of contingency, 
which, unlike the deterministic and conventional contingent models, assumes species are 
ecologically equivalent (i.e., species differences do not influence fitness or how species 
affect each other) and that community composition is structured by stochasticity in dispersal 
and demography (Bell 2001, Hubbell 2001) (see Figure 1 for a conceptual diagram of 
community assembly processes).  After years of heated debate on whether niche or neutral 
processes generate patterns of diversity (Hubbell 2001, McGill 2003, Gilbert & Lechowicz 
2004, Hubbell 2005), most ecologists now recognize that both niche and neutral processes 
are likely at work (Leibold & McPeek 2006, Adler et al. 2007, Mutshinda & Hara 2011).  
However, the mechanistic details remain unclear.  For example, niche and neutral processes 
could operate at different spatiotemporal scales (Cadotte 2007), at different phases during 
community assembly (Tilman 2004), or at different levels of community organization 
(Fukami et al. 2005, Helsen et al. 2012).  Further research is needed to understand and 
predict how niche differentiation and neutrality interact to shape communities. 
Species interactions play multiple roles within community assembly models.  Both 
complementarity and competition may lead to determinism, but through two different 
mechanisms: coexistence (complementarity) or dominance (competition) (Figure 1).  The 
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degree of niche overlap with respect to limiting resources, combined with different relative 
competitive abilities of potential community members, are key forces tipping the balance 
between coexistence and dominance (Chesson 2000, Adler et al. 2007, HilleRisLambers et 
al. 2012).  Complementarity may facilitate coexistence by reducing niche overlap and 
competition through partitioning of resources.  Plant species may partition resources in at 
least three different ways.  First, species may specialize on separate resources (MacArthur & 
Levins 1967, Tilman 1982) or on different chemical forms of a resource, such as nitrogen 
(McKane et al. 2002, Ashton et al. 2010).  Second, species may maximize resource use at 
different times during the growing season (Gulmon et al. 1983, Ehleringer et al. 1991).  
Third, species may vary in the spatial dimensions from which they draw resources (e.g., 
plants may draw resources from different depths within the soil profile) (Nippert & Knapp 
2007, Kulmatiski & Beard 2013).  These niche differences are linked to resource acquisition 
traits, which influence species’ interactions over limiting resources.  Specific examples of 
these functional traits include: rooting depth, root structure, timing of resource uptake, plant 
height, and canopy architecture (Weiher et al. 1999, Lavorel & Garnier 2002, McGill et al. 
2006a).  Species that differ widely in these traits should compete less than species that are 
similar in these traits, allowing coexistence.  
At the community level, complementarity may “stabilize” coexistence (Chesson 
2000).  Stabilization occurs when a species depends strongly on a particular resource and, 
consequently, decreases that resource to lower levels as its population grows.  This process 
creates a density-dependent feedback loop whereby the population growth rate of that species 
decreases in response to lowered resource levels.  Coexistence is possible when other species 
in the community have similar relationships with different resources (or different 
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components of a resource, as in complementarity) (Tilman 1982, Grover 1997, Chesson 
2000).  In other words, niche differences cause a species to increase when it is rare and its 
competitor is abundant, preventing strong competitors from excluding less competitive 
species from a community.  However, if niche differences are small and relative fitness 
differences are large, competitive species would dominate a community and prevent 
coexistence (Chesson 2000, Godoy & Levine 2014).  Under the latter circumstances, 
community assembly would be deterministic but through competitive dominance, rather than 
through coexistence of complementary species (Figure 1). 
  Substantial evidence for complementarity stems from biodiversity-ecosystem 
function (BEF) studies, which point to complementarity as one of the primary mechanisms 
underlying positive relationships between diversity and ecosystem processes, such as 
productivity and nutrient retention (Hooper 1998, Hooper & Vitousek 1998, Tilman et al. 
2001, Hooper & Dukes 2004, Cardinale et al. 2007, Cardinale et al. 2011).  An alternative 
mechanism for this relationship, known as the “selection effect”, proposes that increasing 
diversity also increases the chance of including a particularly dominant species (in terms of 
its effects on ecosystem functioning) (Aarssen 1997, Wardle 1999).  In the context of 
community ecology, ecological conditions such as resource availability may “select” for 
dominant species based on the functional traits of those species (Díaz et al. 1998). 
Distinguishing between these mechanisms determines the extent to which ecosystem 
processes are driven by diversity in its own right, versus being driven primarily by the traits 
of one or two dominant species (Grime 1998, Wardle 1999, Loreau & Hector 2001, Hector et 
al. 2002, Wang et al. 2013).  Our study may help resolve this debate by linking community 
assembly with potential mechanisms of BEF relationships.  For example, if competition 
5 
 
defines community structure, it may suggest that selection effects underlie BEF relationships.  
On the other hand, evidence for resource partitioning supports complementarity as a driver of 
BEF relationships.  Additionally, our study may help resolve other debates surrounding BEF 
studies, such as their relevance to natural ecosystems.  Because BEF studies are usually 
conducted with synthetic communities at small spatial scales (Huston 1997, Srivastava & 
Vellend 2005), it remains unclear how results from local scale experiments, where 
environmental conditions are homogenous, compare to natural ecosystems in which 
heterogeneity and dispersal may be key drivers of biodiversity.  While initiated as a BEF 
experiment, natural dispersal and ecological sorting are incorporated into this follow-up 
study on community assembly, providing a key link between BEF experiments and 
observational studies in natural systems.  
Dominance is another deterministic force in community assembly, but, unlike 
complementarity, it drives exclusion of species rather than coexistence. Dominance arises 
through fitness differences among species, which may occur through a variety of 
mechanisms, including resource competition, environmental filtering, interactions between 
competitive ability and the environment, or feedbacks (Figure 1).  First, dominance may arise 
if some species are simply better able to exploit a limiting resource (assuming there is only 
one) than others, whether through resource preemption (Abraham et al. 2009) or through the 
ability to draw down and persist on lower levels of that limiting resource compared to other 
species (Tilman 1982, Wedin & Tilman 1993).  This mechanism is commonly invoked to 
explain the dominance of invasive species relative to natives (D’Antonio & Mahall 1991, 
Levine et al. 2003, Gioria & Osborne 2014).  Relative competitive abilities of species 
typically depend on environmental context (Wilson & Tilman 1995, Harpole & Tilman 
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2006), in that environmental conditions select which functional traits are successful (Díaz et 
al. 1998).  For example, when nitrogen is added to a system, fast-growing herbaceous species 
often replace nitrogen-fixers and species with conservative resource use strategies (e.g., 
perennials or C4 species) (Wedin & Tilman 1996, Craine et al. 2002, Cleland & Harpole 
2010).  In serpentine grassland, adding nutrients can shift dominance from native forbs to 
invasive grasses, although the mechanism is unclear (Hobbs et al. 1988, Huenneke et al. 
1990).  A final mode of dominance may operate through plant feedbacks with soil or leaf 
litter.  Plant feedbacks occur when a species alters the environment and these changes 
influence plant abundances (Bever et al. 1997, Klironomos 2002, Reynolds et al. 2007).  
Feedbacks may be positive or negative (e.g., buildup of beneficial mycorrhizae or nitrogen-
fixing bacteria may cause a positive feedback whereas soil pathogens may cause a negative 
feedback).  Plant feedbacks can drive dominance of colonizing species by directly favoring 
the colonizer (Batten et al. 2008, Lee et al. 2012)  or through “enemy release” (dampened 
negative feedbacks relative to the native community) (Callaway et al. 2004, van Grunsven et 
al. 2007, Maron et al. 2014).  Examining changes in community composition over time will 
allow us to detect patterns of dominance and assess its role in structuring communities. 
Species interactions are also central to the conventional (not neutral) contingent 
model of community assembly, though the outcome is stochastic, rather than deterministic, 
community composition.  Competitive or facilitative interactions may result in priority 
effects, the phenomenon in which species establishing first can influence future community 
composition, leading to different outcomes in community assembly (Drake 1991, Pokorny et 
al. 2005, Ejrnaes et al. 2006).  The most commonly cited priority effect is preemptive 
competition, in which resident species in a community monopolize resources and repel new 
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colonists (Fargione et al. 2003, Petermann 2010, Jiang et al. 2011).  Theoretically, negative 
priority effects (early-colonizing species suppressing a later-colonizing species) should be 
most prominent among species that compete strongly for resources (i.e., occupy a similar 
niche or functional group) (Hooper & Dukes 2010, Vannette & Fukami 2013).  On the other 
hand, facilitative interactions may be particularly important during early primary succession 
(Chapin et al. 1994) or in harsh environments (e.g., serpentine soil), where earlier colonizing 
species may ameliorate stressful environmental conditions (Callaway et al. 2002, Brooker et 
al. 2008, Oviedo et al. 2013).  Chase (2003) hypothesized that historical contingency may be 
more likely when species pools are large and dispersal is limited.  When many species are 
available to colonize a community, there is an increased probability that species will share 
similar niches, and, in turn, the colonization of any one species may preclude others from 
becoming established in the community.  Low dispersal rates may play a role by allowing 
earlier colonizers enough time to establish sufficient densities to repel later-arriving species.  
Most evidence for priority effects comes from microcosm studies (Drake 1991, Fukami 2004, 
Jiang et al. 2011) where colonization order is easily manipulated.  Field studies on priority 
effects, on the other hand, are rarer because of the difficulty in controlling assembly history 
in natural ecosystems at sufficient scales (Belyea & Lancaster 1999, Chase 2003).  However, 
the studies that do exist have found mixed support (Fargione et al. 2003, Petermann et al. 
2010, Martin & Wilsey 2012, Kardol et al. 2013, Mason et al. 2013).  Our study is well-
positioned to examine priority effects resulting from resource use interactions among species: 
theory predicts negative priority effects when species colonize treatments containing their 
same functional group.  In contrast, neutrality (see below) would predict that the initially 
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dominant species would remain so, independent of functional type of colonists, or would 
change randomly across replicates due to stochastic population processes (Figure 2).  
Alternatively, species interactions may be “neutral”, meaning there are no fitness 
differences among species and that niche differentiation does not influence community 
assembly (Bell 2001, Hubbell 2001).  Neutral theory makes two key predictions: 1) species 
follow a zero-sum multinomial distribution (total population size does not change) and 2) 
community composition will change over space due to dispersal limitation.  Testing neutral 
theory has proved to be challenging, and most attempts focus on whether the assumptions of 
neutral theory (e.g., fitness equivalence) are valid or if observational data fit patterns 
predicted by neutral models (Chave 2004, Holyoak & Loreau 2006, McGill et al. 2006b).  
Adding further complication, both niche and neutral processes can produce similar patterns 
of species abundances (Chave et al. 2002, Chave 2004, Volkov et al. 2005).  Although 
neutral theory can predict widespread ecological patterns, such as species area relationships 
and species abundance distributions (Bell 2001, Hubbell 2001, Chave 2004), many studies 
point to niche differences as a key force structuring communities, at least at the local scale 
(reviewed in Silvertown 2004, also see Levine & HilleRisLambers 2009).   
Support for niche differentiation does not preclude neutral processes from playing a 
role in plant community assembly.  Most likely, both niche and neutral processes shape 
communities (Tilman 2004, Leibold & McPeek 2006, Adler et al. 2007).  For example, 
Tilman (2004) suggested that demographic stochasticity (neutral mechanism) may interact 
with resource competition (niche mechanism) during the colonization phase of community 
assembly so that propagules from new colonizers (assumed to be rare and therefore 
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susceptible to demographic stochasticity) must be able to grow on resources left unconsumed 
by the resident community. 
Deterministic and contingent processes may also act in concert at different levels of 
biological organization.  Deterministic, niche-based processes could govern the composition 
of trait-based functional groups while contingent processes control species composition 
within those functional groups.  In other words, environmental conditions may determine 
which functional traits are advantageous, while colonization history and other stochastic 
factors control which species fill those roles.  For example, Fukami et al. (2005) manipulated 
initial species diversity (a proxy for assembly history) in a European grassland and found 
that, over nine years of community assembly, experimental plant communities converged in 
functional composition but remained distinct in species composition: patch-forming 
perennial grasses with tall, erect growth forms and light seeds dominated, but species 
composition remained distinct within this functional group, presumably due to which species 
established first and their interactions with subsequent colonizers (i.e., priority effects).  
Similar patterns have occurred in restored grasslands, where environmental conditions 
constrained niche availability, resulting in directional, deterministic development in 
functional trait composition (Helsen et al. 2012).  Although both of these studies showed 
clear patterns of functional convergence, they used a variety of traits involved in several 
processes thought to be important to community assembly such as dispersal, establishment, 







 Similar to earlier studies, we propose that complementarity (a niche-based process) 
governs the functional composition of communities while neutral processes (such as random 
dispersal and stochastic extinctions) control species composition within functional groups. 
However, we specifically targeted functional traits related to resource use in a serpentine 
grassland plant community, allowing us to examine the role of resource complementarity in 
structuring the functional composition of communities.  Serpentine grassland is an ideal 
system to study questions surrounding community assembly and complementarity.  The 
predominant plant species are small-statured annuals with well-defined suites of functional 
traits, allowing for fast community dynamics and simple trait classifications.  Several 
functional trait groups have been identified based on phenology, growth form, and nitrogen 
fixing ability (Gulmon et al. 1983, Mooney et al. 1986).  Previous studies in our experimental 
system have shown evidence of complementarity among some functional groups (Hooper 
1998, Dukes 2001, Hooper & Dukes 2004).  More specifically, Hooper & Dukes (2004) 
found that early annuals were complementary with both late annuals and perennial 
bunchgrasses, although late annuals and bunchgrasses competed with each other.  Nitrogen 
fixers strengthened complementary interactions among other groups.  Not surprisingly, the 
strongest complementary interactions occurred between the functional groups with the least 
resource use overlap (early and late annuals).  
We used experimental communities that initially varied in the number and 
composition of functional groups (and thus species).  From 2001-2007 we tracked 
compositional changes in these plots during natural colonization, allowing us to test the 
following hypotheses: 1) functional composition would converge across treatments; this 
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prediction followed from niche-based determinism (i.e., complementarity) among functional 
groups; 2) species composition would remain divergent across the experimental treatments;  
this prediction followed from stochastic processes, such as dispersal and relative neutrality 
within functional groups (see Figure 2 for potential outcomes).  While we do not have the 
population-level data needed to specifically differentiate between neutral and niche 
mechanisms, our study is in a strong position to evaluate how resource use complementarity 
and patterns of colonization support different mechanisms of coexistence and community 






Hooper (1998) established the experimental communities in Kirby Canyon in south 
San Jose, California for a previous experiment examining how functional richness and 
composition influence ecosystem processes.  The study area was relatively uniform: 
topography was flat and top soil was homogenized before distributing it to a depth of 15-20 
cm over the C horizon in the ~500 m2 experimental site (Hooper 1998).  This area of 
California has a Mediterranean-type climate characterized by cool, wet winters and a dry 
season extending from ~May-October.  Annual precipitation in San Jose from 1951-2008 
averaged ~378 mm, but interannual patterns in the timing and amount of rainfall are highly 
variable, ranging from ~155 mm to ~827 mm (University of California Division of 
Agriculture & Natural Resources 2015).  During our 2001-2007 study period, total annual 
rainfall at a nearby California Irrigation Management Station (California Department of 
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Water Resources 2015) weather station in Morgan Hill ranged from 214.6 mm in 2001, an 
exceptionally dry year, to 626 mm in 2005, with an average of ~358 mm (Figure S1). 
Four functional groups, each containing two or three species that naturally occur in 
high abundances around the area, comprised the initial experimental communities: (i) early 
season annuals (E) Lasthenia californica, Microseris douglasii, and Plantago erecta; (ii) late 
season annuals (L) Hemizonia congesta ssp. luzulifolia and  Lessingia micradenia; (iii) 
perennial bunchgrasses (P) Elymus multisetus and Nassella pulchra; and (iv) nitrogen-fixing 
legumes (N) Lotus subpinnatus and Astragalus gambellianus.  These functional groups 
exhibit complementary suites of traits related to spatiotemporal differences in resource 
capture and nutrient dynamics (Gulmon et al. 1983, Mooney et al. 1986).  Early season 
annuals are shallowly rooted and maximize resource uptake in the beginning of the growing 
season (~February-March), completing their life cycle by the beginning of the dry season and 
with peak biomass in early April.  In contrast, late season annuals remain in rosette form and 
grow deep tap-roots early in the season and flower throughout the dry season (June-October).  
Perennial bunch grasses are deeply-rooted, produce seeds mid–season (~May), and are 
dormant during the dry season.  Nitrogen-fixers have similar phenology to the early season 
annuals, but were included because of their access to atmospheric nitrogen and their 
influence on nutrient dynamics.  The ten experimental treatments included: no plants (B-
bare), a single functional group (E, L, P, or N), two functional groups (EL, EP, LP), three 
functional groups (ELP), or all four functional groups (ELPN).  The treatments were applied 
in a randomized complete block design with six replicate blocks, each comprised of ten 1.5 
m2 plots, for a total of 60 experimental communities.  The treatments were sown in densities 
comparable to that of the natural communities (~200 g/m2).  From 1992- 2001, the plots were 
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weeded to maintain the functional composition of the original experimental treatments.  In 
1999, Hooper & Dukes (2010) initiated an experiment investigating how the functional 
composition of communities interacts with invader traits to influence invasion success.  They 
planted three species of early season annuals (Avena barbata, Bromus madritensis, and Layia 
platyglossa) and three species of late season annuals (Calycadenia multiglandulosa, 
Centaurea solstitialis, and Epilobium brachycarpum) into subplots within each plot, but 
continued weeding out unplanted species throughout the rest of the plot.  Starting in 2002, all 
weeding ceased to allow natural colonization, and community composition was measured 
over the subsequent six years by Hooper and colleagues.  When referring to particular 
species, I will use the abbreviations outlined in Table S1. 
Community Composition Measurements 
 
 To quantify species composition and relative abundance, Hooper and colleagues used 
the point quadrat method (Goodall 1952).  This non-destructive method estimates the relative 
leaf area of the different species by passing a laser beam through a point frame and recording 
the species that the laser hits as it travels through the canopy.  Data were collected from 90 
points within a 10 x 9 point grid for each plot (except in 2001, the last year of the invasion 
experiment, when 40 points per plot were used).  For species that were missed by this 
method, a visual estimate of their abundance was recorded according to the following 
categories of ground area covered: <0.01%, 0.01-0.05%, 0.05-0.1%, 0.1-0.5%, 0.5-1%, 1-
5%, etc.  Because of temporal variation in the life cycle of the different functional groups, 
community composition was monitored multiple times throughout the growing season to 
correspond with peak biomass of the different functional groups.  Communities were 
censused twice (April and August) in 2001 and three times each year from 2002-2007: peak 
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biomass for early season species (late March-early April), peak biomass for mid-season 
species (mid-June), and peak biomass for late-season species (mid-August). 
Harvester ants and gophers disturbed the experimental plots over the study period.    
Starting in 2003, Hooper and colleagues quantified disturbance and assessed species 
composition on the affected areas separately from non-disturbed areas.  For the analyses 
presented here, I used community composition from the undisturbed portions of plots with 
greater than 40% total undisturbed area.  Plots with less than 40% undisturbed area were 
excluded from analyses.  Under these criteria, 21 plot measurements were excluded from the 
overall 420 plot measurements (60 plots * 7 years), yielding a total of 399 plot measurements 
for analysis.  
Additional Functional Groupings 
 
For functional composition analyses following natural colonization, Hooper and 
colleagues expanded the number of functional groups to eight, based on combinations of 
traits related to resource uptake and reproductive phenology (Early, Mid, or Late season 
flowering), life cycle (Annual vs. Perennial), and nitrogen-fixing ability (nitrogen-fixing 
ability is denoted with an N).  These classifications are surrogates for timing of maximum 
resource demand (phenology) and root structure (A vs. P).  No species in our study was 
classified as Late Perennial.  Both annual and perennial N-fixers are early flowering, 
effectively leaving 7 functional groups: Early Annuals (EA = E), Mid-Annuals (MA), Late 
Annuals (LA = L), Early Perennials (EP), Mid-Perennials (MP = P, plus several non-
bunchgrass species), Nitrogen-fixing Annuals (NA = N), and Nitrogen-fixing Perennials 
(NP).       
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Data analyses    
  
I performed analyses on the untransformed relative abundances of functional groups 
and species unless otherwise noted.  The analyses fell under two main categories: 1) 
ordination to test for community convergence based on compositional dissimilarity across 
treatments, based on either functional or species composition; and, 2) ANOVA to examine 
changes in the relative abundances of functional groups and key species over time.    
Dissimilarity indices through time 
 
I quantified dissimilarity across treatments over time to test whether patterns of 
community convergence differed between functional and species compositions: decreased 
dissimilarity across treatments would indicate convergence, (i.e., communities became more 
similar to one another).  For each year of the study, I calculated a distance matrix based on 
Bray-Curtis dissimilarity and averaged the dissimilarity values across plots within each 
experimental block as an index of cross-treatment dissimilarity.  This gave six replicate 
(block) estimates of average dissimilarity among treatments.  I performed this procedure 
once with the functional group distance matrix and again with the distance matrix based on 
species composition.       
I ran regressions on block mean dissimilarity versus year, from 2001-2007, using R 
3.0.0 (R Core Development Team 2013).  I compared five different models (quadratic, 
power, negative exponential, linear, and two-part linear based on year (2001-2004 versus 
2004-2007)) to determine which best predicted how dissimilarity across treatments changed 
over time (Figure S2).  I chose these models post-hoc based on visual patterns in the data, 
which showed a clear decrease in both functional and species compositions from 2001-2004 
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while species composition increased and functional composition slightly decreased over 
2004-2007 (Figure 3).  We are not aware of any abiotic events that may have triggered the 
shift in pattern from 2001-2004 versus 2004-2007.  Here we focus on results from the two-
part linear model because it makes sense biologically, best represented the data (explained in 
results and discussion), and allowed easier comparison between functional group and species 
patterns.   Because of known colonization by vine species in Block 5 (Calystegia subacaulus) 
and Block 6 (Vicia villosa), I ran two-part linear regressions on two different iterations of the 
data: 1) blocks 1-6 (all data included); and 2) blocks 1-5, excluding two plots (ELP & EP) 
from Block 5.  I excluded all of Block 6 from this test because only four plots were eligible 
for analysis after removing heavily disturbed plots and those colonized by Vici.vi.     
Functional group randomizations 
 
 Lumping species into a few functional groups could result in lower functional 
dissimilarity than species dissimilarity due solely to fewer groups, rather than 
complementarity among groups (Fukami et al. 2005).  Therefore, I compared observed 
functional dissimilarity to random functional groupings to determine if dissimilarity in 
functional composition was lower than what would be expected by chance.  For the observed 
dissimilarity value, I used the slope of the second part (2004-2007) of the two-part linear 
model because the first part (2001-2004) showed identical patterns of convergence for 
species and functional compositions while the second part showed convergence for 
functional but not species composition. I was interested in testing the significance of 
convergence of functional group composition beyond what was observed for species.  To run 
the randomizations, I first randomly assigned species with their respective relative 
abundances to different functional groups, keeping the number of species within each 
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functional group the same as in our a priori functional groups.  This method produced a 
weighted measure based on the different number of species present within our original 
functional groups.  Second, I calculated the mean dissimilarity values among treatments 
within each block and year as I did for the observed data.  Third, I calculated the slope of the 
second part of the randomized data and compared this value to the observed slope.  The 
randomization procedure was repeated 1000 times using R 3.0.0 (R Core Development Team 
2013).  I used a one-tailed test to assign a p-value because I was only interested in the 
number of randomized runs where the slope of the randomized runs fell below that of our 
observed data.      
Change in functional and species compositions over time 
  
I used nonmetric multidimensional scaling (NMS) to ordinate plots based on 
community composition across all plots and all years (McCune & Grace 2002).  I ran two 
separate ordinations: one based on functional composition and another based on species 
composition.  All 399 plot measurements were included in the ordinations, providing a 
common scale to compare compositional similarity across years.  Ordinations were 
performed in PC-ORD v.6 using Bray-Curtis dissimilarity index and the “slow and thorough” 
setting (McCune & Grace 2002).  I used the auto run function to determine the optimal 
starting configuration and number of dimensions appropriate for generating the best 
ordination for our data.  To ensure consistent results, I reran the auto run four times.  Finally, 
I ran the ordination manually using the parameters suggested by the auto run feature.  Using 
axis scores from the cross-year ordinations, I graphed each year separately to visualize 
community change over time.    
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To determine which species were most influential in driving community position 
along the NMS axes, I ran correlations of axis scores with species abundances using 
Pearson’s correlation with Holm’s p-value adjustment in R 3.0.0 (R Core Development 
Team, 2013).  I chose species for this analysis based on abundance (the top eleven species 
had markedly higher abundances than all other species) as well as frequency (species 
occurring in >33% of all plots were included).  For the functional group NMS, I performed 
analogous correlations and p-value corrections using relative abundances of all seven 
functional groups and axis scores from the NMS based on functional composition.    
Analysis of Similarities 
 
I used analysis of similarities (ANOSIM) in PRIMER (Plymouth Routines in 
Multivariate Ecological Research package version 6.0; PRIMER-E, Plymouth, UK) to 
determine if the original treatments remained distinct in composition over time.  When 
discussing analyses in PRIMER, I will refer to measures of similarity in lieu of dissimilarity 
because PRIMER converts the Bray-Curtis dissimilarity into similarity (i.e., similarity = 1-
Bray-Curtis dissimilarity).  If two treatments differ in composition, then the similarity among 
replicate plots within a treatment should be greater than the similarity across different 
treatments.  ANOSIM computes a distance matrix and then uses the rank similarities within 
and between groups to generate a test statistic, R, the significance of which is evaluated 
through randomization testing comparing the observed test statistic to a null model (Clarke 
1993).  For both functional and species compositions, I ran a one-way ANOSIM test for each 
year.  ANOSIM also tests for pairwise differences among treatments.  Lack of differences 
between treatments could indicate either convergence across treatments or divergence among 
replicates of the same treatment.  To disentangle these possibilities, I examined the mean 
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relative abundances of major groups (functional groups or species) both visually and with 
ANOVA.  Additionally, I ran similarity percentages analysis (SIMPER) in PRIMER during 
preliminary analysis.  The SIMPER results did not reveal any information that cannot be 
gathered from the ANOVAs, so I do not present them here.      
Differences in relative abundances of functional groups and key species  
 
 I ran analysis of variance tests in R 3.0.0 (R Core Development Team 2013) to 
examine differences in the relative abundance of functional groups and key species across the 
initial experimental treatments using the following model (Hooper & Vitousek 1998):   
Y= µ + E + L + P + N + E*L + E*P + L*P + E*L*P + E*L*P*N + BLOCK + ERROR   
I ran a separate ANOVA for each year of data, rather than running a repeated measures 
ANOVA, because interannual variation in relative abundance was high for most species and I 
was primarily interested in comparisons across treatments.  Data were arcsine square root 
transformed to help meet ANOVA assumptions of homoscedasticity and normality.  Where 
ANOVA indicated significance, I used Tukey’s Honestly Significant Difference to detect 
differences among treatment means.   
RESULTS 
 
Functional and species dissimilarity over time 
 
Results from the four continuous regression models (quadratic, power, negative 
exponential, and linear) indicated that a single model could not best explain both functional 
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and species dissimilarity through time (Figure S2).  The quadratic function best predicted 
species dissimilarity, both in terms of R2 and Akaike Information Criterion (AIC).  However, 
results for functional dissimilarity were mixed: the quadratic function best fit the data in 
terms of R2, while the AIC value suggested that the power function was a more parsimonious 
model.  We focus on the two-part regressions as they provided good fits to the data and the 
most flexible means of comparing both patterns through time and patterns at the functional 
and species levels. 
 According to the two-part model, functional and species compositions showed nearly 
identical patterns in the rate and magnitude of convergence over the first four years of the 
study period (2001-2004) with dissimilarity decreasing by about 50% for each (Figure 3).  
However, this initial pattern did not hold during the second half of the study: functional 
dissimilarity did not change considerably while species dissimilarity increased ~10% (Figure 
3).  The responses of individual experimental blocks lend insight into this pattern.  Blocks 1-
4 supported our initial hypothesis that functional composition would converge (Figure S3a-
d).  In contrast, Blocks 5 & 6 showed wider fluctuations in functional dissimilarity over 
2004-2007 (Figure S3e-f).  This occurred because the ELP & EP treatments in Block 5 were 
colonized by Caly.su (early season perennial) and E, L, LP, and P treatments in Block 6 were 
colonized by Vici.vi (nitrogen-fixing annual). Both are vine species with different growth 
forms from other species within their phenological functional groups.  To understand how 
these anomalies may have influenced the results, I reran the dissimilarity regressions without 
Block 6 and without the two outlying plots from Block 5.  I omitted all of Block 6 because 
only four plots were eligible for analysis after removing plots that were heavily disturbed by 
ants/gophers and those colonized by Vici.vi.  After removing outliers, I observed a significant 
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decrease in functional dissimilarity and a significant increase in species dissimilarity over 
2004-2007 (Figure S4).  Randomizing species composition within functional groups 
indicated that this decline in functional dissimilarity in the latter half of the study period was 
unlikely generated by chance (p=0.02).  However, when all plots were included, the decrease 
in functional dissimilarity was not significant (p=0.13), although the increase in species 
dissimilarity remained significant (p=0.03). 
Change in functional and species compositions through time 
 
We were interested in determining how initial differences in functional and species 
compositions may influence the subsequent development of plant communities.  We 
hypothesized that functional composition would converge due to complementary resource 
use among functional groups, while species composition would remain distinct across 
treatments due to stochastic differences in the timing and sequence of species’ arrivals within 
those functional groups (Figure 2).  Here we focus on data from 2001, 2004, and 2007 to 
capture initial treatment differences, maximum convergence, and subsequent changes in 
composition.  
Functional composition 2001    
        
Functional composition showed clear differences across treatments, as expected from 
the initial plantings.  Two axes best summarized functional composition of the experimental 
communities in the NMS ordination (Figure 4).  On Axis 1, early annuals and early 
perennials ordinated positively while late annuals ordinated negatively.  On Axis 2, both 
mid-perennials and nitrogen fixing annuals ordinated positively (Figure 4a, Table S2).  The 
single functional group treatments (E, L, P, N) were most dissimilar from each other in 
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composition, while mixtures (EL, EP, LP, ELP, ELPN) were intermediate between the single 
functional groups of which they were composed, as expected.  The stress value of the 
functional NMS was ~11, suggesting a reliable representation of the experimental 
communities (McCune and Grace 2002). 
ANOSIM indicated that the experimental treatments were statistically distinct in 
functional composition in 2001, as expected from the initial functional group treatments, 
supporting visual differences across treatments on the NMS ordination (Figure 4a, Table 1).  
Most pairwise treatment comparisons showed differences in functional composition, except 
B & EL and EL & ELP (Table 1).  Lack of compositional difference between EL and ELP 
was due to similar relative abundances of early and late annuals (Figure 5a).  Despite much 
lower total cover in B than EL treatments (data not shown), lack of compositional differences  
resulted from wide variation in the relative abundances of early and late annuals among 
replicate plots: early annuals ranged from 18-59% relative abundance across replicates within 
the bare treatment and from 29-63% relative abundance across replicates within the EL 
treatment, while late annuals ranged from 41-77% relative abundance within the bare 
treatment and 37-68% relative abundance within the EL treatment (data not shown). 
Species composition 2001   
 
Similar to functional composition, species composition was distinct across treatments 
in 2001, reflecting the experimental design (Figures 4b, c). Three NMS axes best represented 
species composition of the experimental communities on the NMS ordination.  Planted early 
annuals (Plan.er, Last.ca) ordinated positively while early annual colonizers (Brom.ma, 
Loli.mu) ordinated negatively on Axis 1.  Relative abundances of these colonizers were low 
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in 2001.  Late season colonizers from the invasion experiment (Cent.so, Caly.mu, Epil.br) as 
well as planted nitrogen-fixers (Lotu.su, Astr.ga) ordinated positively on Axis 2 (Figure 4b, 
Table S3).  The late annual colonizers were initially most abundant in B and N treatments, a 
result of their relative success in the previous invasion experiment (Hooper & Dukes 2010).  
On Axis 3, the planted late annual, Less.mi, ordinated positively and the planted perennial 
bunchgrass, Nass.pu, ordinated negatively (Figure 4c, Table S3).  Mirroring results from 
functional composition, single functional group treatments clustered at the axis extremes, 
with the mixture treatments falling between the single functional group treatments of which 
they were composed (Figure 4b, c).  The stress value of the species composition ordination 
was ~15, suggesting a reasonable representation of our experimental communities (McCune 
& Grace 2002).   
Species composition was significantly more similar within treatments than across 
treatments, confirming visual treatment differences in the NMS ordination (ANOSIM, Table 
1).  Nearly all pairwise treatment combinations (>95%) were distinct in composition (Table 
1).  The only treatment pairs that were not distinct were EL versus ELP and L versus LP. 
Treatments EL and ELP had similar mean relative abundances of planted early season 
annuals, Plan.er & Last.ca, and the dominant late season annual, Less.mi, whereas L and LP 
had similar mean relative abundances of the dominant late season annuals Less.mi & Hemi.co 
(Figure 5d). 
Functional composition 2001-2004: strong convergence 
 
 Functional composition converged across the experimental treatments from 2001-
2004, illustrated by the tightening of communities along the NMS axes (compare Figures 4a, 
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d) and decreased differences in mean relative abundances of functional groups across 
treatments (Figures 5a, b, 6a, c, e, f).  This pattern was driven by two factors.  First, 
functional groups successfully colonized treatments in which they were not initially planted, 
with the exception that perennial bunch grasses did not colonize the N treatments or 
treatments with the highest late annual relative abundances (L-treatments or Bare treatments)  
(Figure 5b).  Second, the most abundant functional groups, early annuals and late annuals, 
decreased in treatments where they had highest initial relative abundances and increased in 
treatments where they had lowest initial relative abundances (i.e., early annual relative 
abundance decreased in E and EP treatments and increased in L, LP, N, and P treatments 
while late annuals decreased in L and LP treatments and increased in E, EP, N, and P 
treatments (Figure 6a, c)).  This occurred both because of decreases in the absolute 
abundances of these functional groups (Figure S5a, c), and increases in absolute and relative 
abundances of other functional groups, as just mentioned.  One exception to this pattern was 
that early annual relative abundance increased in treatments containing both early and late 
annuals (Figure 6a).  Overall, however, this pattern of reciprocal colonization (early annuals 
into L treatments and late annuals into E treatments) does not support the hypothesis of 
competitive dominance of one group over the other. 
Despite the general trend towards functional convergence in 2004, some treatments 
remained distinct in composition, likely due to disparities in early annual abundance across 
replicates.  For example, ANOSIM commonly registered E, EL, ELPN, EP, LP, and N as 
distinct from one another (Table 1) because they contained a narrow range of early annual 
abundances (replicates differed from each other by <20% relative abundance), whereas the 
remaining treatments varied considerably more across replicates in early annual relative 
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abundance (differences in relative abundances across replicates within treatments ranged 
from ~30%-~50%), such that treatments rarely differed from one another (Table 1c).  
Functional groups that were not planted in the initial treatments (i.e., early perennials (EP), 
mid-annuals (MA), and nitrogen-fixing perennials (NP)) had very low relative abundances in 
all treatments (Figure 5a, b, Figure 6b, d, g).  Early perennials showed no detectable 
differences among treatments while nitrogen-fixing perennials were more abundant in N-
containing treatments (Figure 6b, g, Table S4).  Mid-annual frequencies and relative 
abundances were not sufficient to perform analyses (Figure 6d, Table S4). 
Functional composition 2004-2007: weak convergence    
 
Functional similarity remained relatively constant over 2004-2007, as indicated by 
comparable dispersion along both NMS axes, except for outliers from Blocks 5 & 6 in 2007 
due to colonization by Caly.su and Vici.vi, respectively (Figure 4d, g).  Average relative 
abundances of the different functional groups across treatments continued to converge over 
this period (Figure 5b, c, Figure 6).  The treatments were indistinguishable in functional 
composition, shown by the interspersion of treatments on the NMS plot and lack of 
statistically distinct groups in ANOSIM (Figure 4g, Table 1).  The only pairwise treatment 
comparisons that remained distinct were B versus ELPN and B versus EL (Table 1).  
Convergence was particularly strong in the two co-dominant functional groups, early annuals 
and late annuals, which had very similar relative abundances across treatments by 2007, only 
varying ~5-10% (Figure 5c, Figure 6a, c, Table S4).  Moreover, the effects of the initial 
planting on functional composition had almost disappeared by 2007.  Early annuals had 
slightly higher relative abundances in E-containing treatments (Figure 6a, Table S4), 
resulting from high relative abundance of the early annual colonizer, Brom.ma in E-
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containing plots in 2007 (Figure 5f, Figure 7a, Table S5).  Late annuals had slightly lower 
relative abundances in E-containing treatments (Figure 6c, Table S4), despite no differences 
in absolute abundances across all treatments (Figure S5c, Table S6).  Mid-perennials, 
dominated by long-lived perennial bunchgrasses, also had significantly higher relative 
abundances in treatments where they were originally planted (Figure 5a-c, Figure 6f, Table 
S4), although these differences were minimal (1-4%). 
Species composition 2001-2004: strong convergence 
 
From 2001-2004, the experimental communities became more similar in species 
composition, shown by the compression of treatments in the NMS ordination (Figure 4b, c, e, 
f).  As with functional convergence, increased similarity was driven by two factors: 1) 
species from functional groups not contained within the original treatments were able to 
colonize and increase their relative abundances; and 2) dominant, initially-planted species 
equalized in relative abundances across treatments over 2001-2004. The effects of 
colonization were most apparent in the single functional group treatments (E, L, P, N).  Most 
notably, Plan.er (EA) and Less.mi (LA), which were initially the most abundant species in 
their respective treatments, successfully colonized and increased their relative abundances in 
treatments where they were not initially planted (Figure 5d, e, Figure 7d, i).  For example, in 
the perennial (P) treatment, Lotu.su (NA) and Plan.er (EA) colonized while Less.mi (LA), 
which was present accidentally in low abundances in 2001, increased in relative abundance 
(Figure 5d, e). Convergence among E-containing mixture treatments (i.e., EL, EP, ELP, and 
ELPN) resulted from equalized relative abundances of most planted species except for the 
perennial bunchgrass Nass.pu (Figure 5d, e).  Likewise, convergence of L and LP treatments 
was also driven by equalized relative abundances of planted species (decreased relative 
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abundances of the late annuals Less.mi and Hemi.co) as well as colonization by the early 
annual, Plan.er, and increased abundance of the early annual colonizer, Brom.ma, which was 
present from the prior invasion experiment (Figure 5d, e).   
Despite the overall pattern of convergence, many treatments remained statistically 
distinct in species composition in 2004 (Figure 4e, f, Table 1). The effects of the initial 
planting were still strong in two ways.  First, several species that were initially planted in the 
treatments retained significantly higher relative abundances in those treatments: Last.ca 
(EA), Hemi.co (LA), and Nass.pu (MP), for example (Figure 5e, Figure 7b, h, j, Table S5).  
Second, initially planted species exerted priority effects by suppressing the colonization of 
species from within same functional group.  Treatments that initially contained early annuals 
(E, EL, ELP, ELPN, and EP) had significantly lower relative abundances of the early annual 
colonizer Brom.ma than treatments that did not initially contain early annuals (Figure 7a, 
Table S5).  Similarly, late annual colonizer Caly.mu had significantly lower relative 
abundances in treatments that initially contained late season annuals (EL, ELP, ELPN, L, and 
LP) (Figure 7e, Table S5).   
Species composition 2004-2007: weak divergence 
 
Species composition diverged across treatments over 2004-2007, as indicated by the 
increase in the Bray-Curtis dissimilarity index over time (Figure 3) and increased dispersion 
of communities, particularly across NMS axes 1 and 2 (Figure 4e, f, h, i).  Treatment 
differences in species composition were more pronounced in 2007 compared to 2004 
(compare Figures 4e and h, 4 f and i, Table 1).  Treatments that initially contained early 
annuals (i.e., E, EL, EP, ELP, and ELPN) remained distinct in species composition from 
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those treatments that did not initially contain early annuals (i.e., L, P, N, LP, and B) (Figure 
5f, Table 1b).  Two striking patterns emerged within E-containing treatments over 2004-
2007.  First, dominance shifted from the planted early annual, Plan.er, to the early annual 
colonizers Brom.ma and Loli.mu (Figure 5e, f).  Second, Brom.ma was initially more 
abundant in non-E containing treatments, but this pattern reversed so that its abundance was 
highest in E-containing treatments by 2007 (Figure 7a, Figure S6a, Table S5, Table S7).  
Effects of the initial planting were still persistent in some cases by 2007.  Hemi.co abundance 
remained higher in initial L-containing treatments and Nass.pu was still more abundant in 






Our results support a mixed model of community assembly in which 
complementarity, environmentally-mediated competition, feedbacks, and stochastic 
processes simultaneously structure communities.  Spatiotemporal partitioning of resources 
enabled the establishment and long-term coexistence of different functional groups, 
consistent with our prediction of deterministic assembly across broad resource acquisition 
strategies.  The degree of complementarity varied among functional groups: early and late 
annuals colonized treatments containing the opposite functional group and converged to 
similar relative abundances across treatments, suggesting strong complementarity and 
supporting previous work in this system (Gulmon et al. 1983, Hooper 1998, Dukes 2001, 
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Hooper & Dukes 2004, 2010).  All other subordinate functional groups (except mid-annuals 
and nitrogen-fixing perennials) colonized and persisted in all treatments by the end of the 
study period, indicating they were able to coexist with the more abundant groups.  By 2007, 
overall functional composition exhibited no significant differences across the initially distinct 
treatments (Figure 4g, Table 1). 
We posited that, while resource use complementarity would cause communities to 
converge at the functional level, species composition within functional groups would be 
neutral, or driven by stochastic dispersal and extinction, leading to distinct species 
compositions (Hubbell 2001, Fukami et al. 2005).  Our results supported this model in part: 
species composition converged over the first four years (similar to functional composition), 
but started to diverge after this initial period, suggesting that the drivers of species 
composition shifted over time.  However, differentiating among specific mechanisms driving 
divergence will require additional studies.  Based on the overall patterns, we infer that 
complementary interactions among species of different functional groups and abundance-
driven priority effects of species within functional groups mediated early colonization 
dynamics, while competition within groups, interactions with the environment, intraspecific 
feedbacks, and, potentially neutrality, became important during the latter half of the study 
(2004-2007).  These observations support niche-based models outlining the chronological 
steps of community assembly (Belyea & Lancaster 1999, Gotzenberger et al. 2012, 
HilleRisLambers et al. 2012).  For example, dispersal and colonization dynamics occur first 
in community assembly, during which species arrive to a site as propagules and may or may 
not establish, depending on environmental conditions.  Next, species are “sorted” based on 
subsequent interactions within the resident community (e.g., strong competitive interactions 
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via priority effects may exclude new colonizers, while resource partitioning would allow 
colonizing species to coexist within the extant community).  In the context of our study, we 
found convergence among treatments during the colonization phase as locally abundant, 
functionally complementary species entered the different treatments.  However, divergence 
in species composition occurred over time, potentially driven by long-term dynamics (e.g., 
negative feedbacks).  Our study supports the simultaneous importance of niche and neutral 
processes (e.g., Tilman 2004, Thompson & Townsend 2006, Leibold & McPeek 2006), 
rather than focusing on the preeminence of one or the other.  Resolving the ecological scales 
at which different processes are relevant lends clearer insight into how species assemble and 
coexist within communities.  While other studies have found functional convergence and 
stochasticity in species composition (Fukami et al. 2005, Helsen et al. 2012), the functional 
traits driving convergence were unclear.  In contrast, our functional groups were chosen 
based on trait differences in belowground resource use; convergence across these groups 
clearly supports resource use complementarity as a driver of community assembly at the 
functional level. 
Functional complementarity in community assembly 
 
  Chase and Leibold (2003) outline three pieces of evidence necessary to establish the 
role of complementarity in natural ecosystems: 1) experiments that show direct evidence of 
complementary resource use; 2) observations of patterns in natural communities that reflect 
complementarity; and 3) studies demonstrating that communities assemble towards a 
common functional structure based on complementary traits.  Previous studies in our system 
have illustrated the first two of these three points.  First, several studies have demonstrated 
complementary resource use in serpentine grassland, at least among some functional groups.  
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Differences in flowering phenology between early and late annuals (Mooney et al. 1986) 
reflect variation in root structure leading to spatial and temporal partitioning of water use 
(Gulmon et al. 1983) and nutrients (Hooper 1998, Dukes et al. 2001).  Earlier experiments at 
our study site found four key results: 1) early annuals were complementary with late annuals 
and perennial bunch grasses (although late season annuals and perennial bunch grasses 
competed with each other); 2) nitrogen-fixing annuals strengthened complementary 
interactions among other functional groups; 3) the functional groups with the greatest 
phenological differences, early annuals and late annuals, showed the strongest 
complementary interactions; 4) complementarity strengthened over time and depended on 
environmental context (i.e., it increased with higher water availability) (Hooper & Dukes 
2004). These analyses clearly indicated long-term complementarity under controlled 
experimental conditions (Chase & Leibold 2003, criterion 1). 
Second, if complementarity is a key force shaping communities, then communities 
should have a consistent structure under natural conditions based on minimal overlap in 
functional traits (Chase & Leibold 2003, criterion 2).  Supporting this prediction, studies 
have shown that species are more likely to coexist if they vary in resource use traits (Weiher 
1998, Stubbs & Wilson 2004, Bermudez & Retuerto 2014), or if they are more distantly 
related phylogenetically (Cadotte & Strauss 2011, Allan et al. 2013).  For instance, Stubbs & 
Wilson (2004) found that root traits were overdispersed among coexisting species within a 
sand dune community, suggesting that partitioning of soil resources shaped the functional 
composition of these communities.  Within our study system, Gonzalez (2008) showed that 
patterns of community composition in natural serpentine grasslands were consistent with 
complementarity among the same functional groups used in our study: functional 
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composition was consistent across topographic gradients varying in resource availability 
(light, moisture, nutrients), despite differences in species composition within those functional 
groups.   
Third, species’ establishment within a community should be more strongly 
determined by their traits than by stochastic colonization and extinction (Chase & Leibold 
2003, criterion 3), as we assessed in the current study.  Two pieces of evidence within our 
experimental system support complementarity.  First, in an invasion experiment, potential 
colonizers from the early annual and late annual functional groups were less likely to invade 
communities already containing their own functional group, suggesting niche-based 
processes played an important role during the colonization of communities (Hooper & Dukes 
2010).  We observed this same pattern during the first few years of the current study: 
colonizers were more successful at establishing in treatments that did not contain their own 
functional group (Figure 5, Figure 6).  These results align with other studies showing that 
species from functional groups with resource requirements that differ from those of the 
resident community are more likely to colonize, at least at the neighborhood scale, where 
species interact most strongly (Dukes 2002, Fargione et al. 2003, Levine et al. 2004, Byun et 
al. 2013).  Additionally, a recent meta-analysis found that semi-natural or synthetic 
communities containing resident species that were functionally similar to colonizers reduced 
invasion (Price & Partel 2013).   
The second pattern reflecting complementarity in our experimental system was the 
convergence in relative abundances of major functional groups during the course of the study 
(with the exception of a few plots that were colonized by vine species in later years; see 
below).  By 2007, early and late season annuals co-dominated all experimental communities 
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while the remaining functional groups comprised smaller, but relatively consistent, portions 
of relative abundance (Figure 5c).  Randomizing species composition within functional 
groups showed that this convergence was not likely due to chance.  Not surprisingly, the two 
groups that showed the strongest convergence, early and late annuals, also showed the 
strongest complementary relationships in previous experiments (Hooper 1998, Hooper & 
Dukes 2004).  However, not all functional groups showed clear patterns of complementarity.  
Late season annuals outcompeted mid-perennials for resources in late spring after the 
senescence of early annuals (Hooper & Dukes 2004).  Additionally, high productivity by fast 
growing early and late annuals may have limited the establishment and growth of the less 
abundant functional groups (Figure 5a-c; see also Hooper & Vitousek 1998).   Our results 
align with theoretical predictions that species with minimal trait overlap should coexist more 
readily than species with high overlap in traits (Chesson 2000, Shea & Chesson 2002).      
Together, this set of studies provides compelling evidence that functional 
convergence in our system was driven by resource acquisition strategies.  While other studies 
have observed functional convergence during community assembly, they focused on a wide 
variety of traits, making it difficult to isolate the mechanism(s) underlying functional 
convergence (Weiher et al. 1998, Fukami et al. 2005, Helsen et al. 2012).  For example, 
Weiher et al. (1998) examined trait composition in wetlands and found that communities 
contained morphological traits that were both underdispersed and overdispersed; they 
concluded that environmental factors caused some traits to converge while interactions 
among species limited similarity in other traits.  However, the traits they identified as 
overdispersed were related to size (i.e., height, shoot biomass, unit leaf area, stem diameter) 
which could reflect partitioning for aboveground (light) resources; however, they did not 
34 
 
differentiate which type of interaction(s) may have limited trait overlap among species.  In a 
similar vein, studies have found functional convergence using quantitative metrics of 
functional composition across many traits involved in a broad array of community assembly 
processes (i.e., dispersal, colonization, persistence) (Fukami et al. 2005, Helsen et al. 2012), 
making the actual drivers of convergence unclear.  Focusing on traits linked to a specific 
process can more effectively help elucidate mechanism.  For instance, Fargione and Tilman 
(2005) found that niche partitioning facilitated coexistence of a mid-season, shallowly-rooted 
dominant bunchgrass with deeply-rooted, early season species that shared little overlap in 
resource use traits.  Similarly, convergence based on traits directly linked to resource use 
(i.e., phenology and rooting structure) point to complementary interactions as the driver of 
functional composition in our study.  Consistent competitive hierarchies across resource 
gradients could also drive communities towards a common functional structure (Díaz et al. 
1998, Wright et al. 2004, Kunstler et al. 2012), but in that case we would expect: 1) 
underdispersion in resource use traits (functional dominance) and 2) lack of reciprocal and 
simultaneous invasion by functional groups not present in the original treatments.  In 
contrast, we found that species from nearly all functional groups were successful at 
colonizing and coexisting within treatments that did not originally contain their own 
functional group.     
Contrary to our results, recent studies in serpentine grasslands have predicted stronger 
fitness differences than niche differences among serpentine annuals of contrasting 
phenologies, many of which were present in our study (Godoy & Levine 2014, Kraft et al. 
2015).  More specifically, their results predict that species with later phenologies should 
competitively exclude species with earlier phenologies.  Our study does not support this 
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conclusion; early and late annuals have coexisted in our plots since their initiation in 1992 
and, by the end of 2007, early annuals were actually more abundant than late annuals in all 
treatments (Figure 5a-c).  Our observations occurred at small spatial scales in homogenous 
experimental plots, so these results are not due to environmental heterogeneity, as suggested 
by Kraft et al. (2015).  Previous research in our system has shown that early annuals are 
competitively dominant during the wet season due to increased nitrogen uptake (Hooper & 
Vitousek 1998, Hooper 1998), and that late season annuals actually facilitated establishment 
of early annual colonizers (Hooper & Dukes 2010).  Late season annuals likely persist 
because they access water stored below the soil surface into the summer dry season through 
their deep roots (Gulmon et al. 1983, Hooper & Vitousek 1998).  While the large size of late 
annuals can lead to strong demographic advantages in seed production per individual (Godoy 
& Levine 2014, Kraft et al. 2015), high rates of post-germination mortality due to 
competition with early annuals during the wet season may reduce the overall competitive 
advantage of late annuals (lower fitness difference, sensu Chesson 2000, than predicted) to 
the extent that niche partitioning prevails.  Alternatively, the results of Kraft et al. (2015) 
could have resulted from analyses during a single year, 2012.  At our study site, winter 
precipitation was exceptionally high during 2012 and late annual relative abundance was 
much greater than in all other years of the study (~60% in 2012 compared to ~25% in other 
years, data not shown).  Discrepancies between the results of Kraft et al. (2015) and long-
term observations in our experimental plots and in natural serpentine grasslands (Gonzalez 
2008) highlight the need to consider the results of short-term studies within a broader 
context.     
36 
 
The consequences of complementarity extend beyond coexistence within 
communities to potentially influence ecosystem processes.  Numerous experiments with 
synthetic communities have found a positive relationship between diversity and ecosystem 
properties such as productivity and nutrient retention (Tilman et al. 2001, Hooper et al. 2005, 
Cardinale et al. 2007, Cardinale et al. 2011).  Two mechanisms (that are not mutually 
exclusive) have been proposed to drive this relationship.  First, complementarity may allow 
diverse communities to use more of the available resource pool, thereby increasing 
productivity.  Alternatively, selective processes, such as competition, may give rise to the 
dominance of species with traits that strongly influence ecosystem processes (e.g., nitrogen-
fixing ability or high productivity).  The relative importance of these two mechanisms 
determines whether BEF patterns are a functional consequence of biodiversity or if 
ecosystem processes are driven by the traits of one or two dominant species (Loreau & 
Hector 2001).  Our results demonstrate an intermediate scenario between complete 
complementarity and dominance (Loreau et al. 2001), in which complementary interactions 
occur among broad resource-based functional groups, rather than among all species in a 
community.  In our study, seasonal resource availability within the environment selected for 
functional traits while niche complementarity allowed the coexistence of functional groups.   
 Although we found strong evidence of functional convergence, there were deviations 
from this pattern.  Blocks 5 & 6 showed increasing dissimilarity in later years of the study 
because some plots were colonized by vine species from functional groups that comprised a 
small proportion (<5%) of relative abundance in most plots throughout all blocks: Caly.su 
(early perennial) colonized 3 adjacent plots in Block 5 while Vici.vi (nitrogen-fixing annual) 
was highly abundant in 4 adjacent plots in Block 6.  Increased relative abundances of these 
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rare functional groups in a few plots increased block-level functional dissimilarity, causing 
functional divergence (Figure S3).  These species may have been restricted to a few plots due 
to dispersal limitation, which is common in clonal species (Zobel et al. 2010, Benot et al. 
2013).  The relative success of these vine species within colonized plots may result from 
fitness advantages strong enough to override the stabilizing effects of complementarity.  
Such fitness advantages may result from high clonal reproduction and their ability to capture 
space (Snyder & Chesson 2003).  On the other hand, this effect may be transient, as there 
could be a lag time before stabilization occurs (Ratikainen et al. 2008).  Due to the late 
colonization of these species (~2005) within our frame of observation (2001-2007) and their 
limited dispersal, we could not assess whether they would become highly abundant in 
additional plots or if their relative abundances would stabilize at moderate to low levels 
across all treatments, as with other species within the early perennial and nitrogen-fixing 
annual functional groups.  
Interactions within functional groups 
 
Species composition converged strongly over 2001-2004 but started to diverge 
through the second half of the study, suggesting that different mechanisms were operating 
during these two time periods.  Convergence in species composition may arise through 
environmental filtering (Díaz et al. 1998, Cornwell & Ackerly 2009), competitive hierarchies 
(Kunstler et al. 2012), or positive feedbacks (Batten et al. 2008, Lee et al. 2012) while 
negative feedbacks (Bever 2003, van der Putten et al. 2013) or stochastic processes (Fukami 
et al. 2005) may trigger divergence.  These mechanisms likely operate simultaneously within 
a community, and while we could not test for them explicitly, we found patterns suggesting 
that different mechanisms controlled dynamics within the various functional groups in our 
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study.  Species composition within the late annual, mid-perennial, and nitrogen-fixing annual 
groups was relatively consistent, with planted species (Less.mi, Nass.pu, and Lotu.su, 
respectively) maintaining dominance throughout the study, presumably due to environmental 
filtering, environmentally-mediated competition, or priority effects.  Within the early annual 
group, Plan.er, a planted species, was dominant throughout the first half of the study while 
negative feedbacks from Brom.ma, a colonizer introduced in a previous experiment, caused 
divergence over the second half of the study.  In contrast, composition was highly variable 
within the early perennial group, indicating stochastic processes were operating. We provide 
further detail on these patterns below. 
The environment can drive convergence in two ways.  It may directly select for a 
particular suite of traits, based on species’ physiological tolerances, or it may indirectly cause 
convergence through influencing competitive hierarchies.  Regional and local environmental 
factors, such as climate and soil types, select which suites of traits allow species to persist in 
an area (i.e., response functional traits, Díaz et al. 1998, Weiher & Keddy 1995, Hooper et al. 
2002, Grace et al. 2007).  Serpentine soils generally have poor moisture holding capacity, 
low nutrient levels, and high concentrations of heavy metals.  Traits linked to stress 
tolerance, conservative resource use, and better access to underground resources are more 
successful in these environments (Kazakou et al. 2008).  Within serpentine grasslands, 
topographic position also causes variation in soil resource availability (Gonzalez 2008), 
selecting for different growth strategies (e.g., along the leaf economic spectrum, Wright et al. 
2004), even within the functional groups we have defined.   
Similar to other ecosystems (e.g., Wedin & Tilman 1993, Goldberg et al. 1999, 
Fortner & Weltzin 2007), competitive outcomes within our functional groups can vary 
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greatly, depending on soil resource availability. For example, in natural serpentine 
grasslands, Hemi.co (LA) and Loli.mu (EA) dominated low-lying swales with deeper soils, 
greater water holding capacity, and greater nutrient availability (Gonzalez 2008, Harrison et 
al. 2010), while Less.mi (LA) and Plan.er (EA) had low abundances in these environments 
but dominated on shallower, rockier soils on ridgetops (Gonzalez et al. 2008).  Similarly, 
Reynolds et al. (1997) found that Plan.er was a stronger competitor than Last.ca on drier, 
nitrogen-poor soils of intermediate depth while Last.ca was more abundant in deeper, wetter 
soils.  These results may explain patterns we observed in our study site, which had 
intermediate topsoil depths (15-20 cm): Plan.er and Last.ca were both initially present but 
Plan.er dominated during the first half of the study, and Last.ca abundance declined greatly 
(hot pink in Figure 5d-f).  Loli.mu, an invasive early annual grass that naturally colonized the 
plots (i.e., was not planted or part of the invasion study), increased in all treatments 
throughout the study (Figure 7c, Figure S6c).  Increased abundance of Loli.mu may be linked 
to nitrogen deposition in the South San Jose area (Weiss 1999).  Nitrogen enrichment can 
increase Loli.mu abundance directly (Koide et al. 1988, Huenneke et al. 1990) and improve 
its competitive ability relative to native species (Vallano et al. 2012).  Within the mid-
perennial group, the dominant native bunchgrass Nass.pu, has been linked to shallower, drier 
soils relative to Elymus glaucus (Hufford et al. 2014), which is a congener with Elym.mu, 
another initially planted, but subordinate, perennial bunch grass in our study.  Plan.er and 
Nass.pu likely dominated their respective functional groups because of competitive 
advantages at intermediate soil depths, the conditions present at our study site.  However, we 
did not directly test this mechanism; manipulative experiments would be needed to discern 
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how species performance and competitive ability relate to the edaphic conditions present in 
our plots.  
Density-dependent negative feedbacks also appeared to influence species composition 
within the early annual group.  Strong intraspecific competition (Farrer & Goldberg 2011), 
plant-soil interactions (Bever 2003, Kulmatiski et al. 2008, van de Voorde et al. 2011, van 
der Putten et al. 2013), or suppression by plant litter from previous generations (Bergelson 
1990, Foster & Gross 1997) can drive feedback loops that limit population sizes of abundant 
species.  In our study, litter feedbacks likely influenced dynamics of abundant early annuals.  
Brom.ma, an early annual grass, readily colonized L-containing treatments, and co-
dominated the early annual functional group in those treatments by 2004 (Figure 5d, e, 
Figure 7a).  However, Brom.ma was significantly suppressed in treatments that initially 
included other early annuals, such as Plan.er (Hooper & Dukes 2010).  By 2007, the initial 
patterns of invasion and colonization reversed: Brom.ma relative and absolute abundances 
increased in the initially E-containing treatments and decreased in initially non-E treatments 
(Figure 7a, Figure S6a).  Large amounts of standing dead litter from previous years’ 
production of Brom.ma within our plots (data not shown) may have driven this feedback 
(Molinari & D’Antonio 2014). Such thatch may alter the environment by reducing light 
levels or retaining moisture through decreased evaporation, in turn affecting germination, 
seedling emergence, and fecundity of subsequent Brom.ma generations.  At the community 
level, such feedbacks may promote coexistence by causing stronger negative intraspecific 
interactions than interspecific interactions, preventing species from consistent dominance 
(Chesson 2000).      
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Neutrality may have played a role in shaping composition within the early perennial 
and early annual functional groups.  Most evidence for neutral theory has compared 
predictions from null models to empirical data (Hubbell 2001, McGill 2003, Chave 2004).  
Directly testing the mechanisms of neutrality requires measuring population parameters to 
quantify niche differences among species (Levine & HilleRisLambers 2009, Adler et al. 
2010, Godoy & Levine 2014).  These methods were beyond the scope of this study; instead, 
we focus on patterns that align with predictions from neutral theory.  In the context of our 
study, neutral theory assumes that niche and fitness differences among species within a 
functional group should be minimal and that composition should result from random 
variation in births, deaths, immigration, and extinction.  We observed two patterns that may 
align with these predictions.  First, within the early perennial group, composition was highly 
variable, both across treatments and across replicates within treatments (data not shown), 
supporting stochastic assembly.  Under niche theory, we would expect fitness differences to 
drive dominance, such that patterns in species relative abundances vary by treatment, or vary 
consistently across all treatments.  Second, though less clearly, alternating dominance 
between Plan.er and Brom.ma within early annuals may suggest they have similar fitnesses, 
at least averaged over time, supporting neutral theory.  The consistent shift in dominance 
from Plan.er to Brom.ma within initially E-containing treatments may have demonstrated a 
competitive fitness advantage for Brom.ma.  However, negative feedbacks from litter buildup 
under high densities of Brom.ma, as discussed above, may have equalized fitness differences 
between Plan.er and Brom.ma over time.  Interpreted another way, this pattern of alternating 
dominance may result from stabilizing niche differences.  By 2007, both Plan.er and 
Brom.ma were significantly less abundant in treatments they originally dominated (E-
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containing treatments for Plan.er and non-E containing treatments for Brom.ma), potentially 
demonstrating negative density dependence (Figure 7a, d, Figure S6a, d).  Such negative 
feedbacks may be stabilizing mechanisms, as they increase negative intraspecific interactions 
relative to interspecific interactions, preventing prolonged dominance by one species 
(Chesson 2000, Adler et al. 2007).  Although Plan.er and Brom.ma share similar traits in 
belowground resource use (phenology, rooting depth, and annual life history), they likely 
differ along other axes, facilitating coexistence.  For example, they may differ in response to 
factors that trigger negative feedbacks, such as litter buildup.  In all likelihood, both niche 
and neutral mechanisms influenced the interaction between Plan.er and Brom.ma.  To 
resolve the relative strength of these two forces, we would need to quantify the extent to 
which coexistence of Plan.er and Brom.ma was driven by weak niche differences operating 
on similar levels of fitnesses (neutrality) versus strong niche differences stabilizing large 
fitness inequalities through negative density dependence (Adler et al. 2007, Levine & 
HilleRisLambers 2009, Godoy & Levine 2014).  We currently do not have the demographic 
data necessary to make this assessment. 
Conclusion    
 
Our results suggest that plant communities are shaped by multiple forces that interact 
over time and operate at different levels of community organization.  Resource use 
complementarity enabled the establishment and long-term coexistence of species in different 
functional groups.  Early and late annuals, the groups with the lowest overlap in resource use 
(Hooper & Dukes 2004), co-dominated the plots and showed the strongest convergence in 
relative abundances, while most of the remaining functional groups were able to persist in all 
treatments with minimal differences in relative abundances (Figure 5a-c, Table S4).  These 
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results support theoretical expectations (Chesson 2000, Shea & Chesson 2002) that 
complementarity, a mechanism stabilizing coexistence, is strongest among species with 
broad differences in resource use.  Species composition within functional groups was driven 
by a combination of factors that led to initial convergence but subsequent divergence in 
composition.  Seed availability and priority effects likely drove initial convergence within 
most functional groups while divergence in the second half of the study was driven by a shift 
in dominance within the early annual group, from Plan.er to Brom.ma.  This pattern may 
have resulted from equalizing fitness differences over time due to density-dependent negative 
feedbacks operating on the otherwise dominant Brom.ma, leading to approximate fitness 
equivalence (neutrality).  Alternatively, negative feedbacks in Brom.ma and Plan.er may 
have resulted from stabilizing niche differences along axes we did not consider, such as 
response to environmental conditions.  Within the early perennial group, neutral processes, 
such as stochastic dispersal and local extinction, likely led to highly variable composition.  
Further studies are needed to isolate the mechanism(s) driving dominance within the various 
functional groups as well as divergence within the early annual group. 
Understanding community dynamics provides insight into basic ecological questions 
and their application to management issues.  For one, our study helps resolve debates about 
whether complementarity or competitive dominance drive BEF relationships (Loreau et al. 
2001) by demonstrating that both processes are important.  Our results also emphasize the 
complexity of community assembly, suggesting that restoration practitioners should carefully 
consider their goals and approaches.  For example, if restoration goals focus on functional 
structure, then our results indicate that initial differences in composition may be 
inconsequential for long-term outcomes (in terms of our functional groupings) and that 
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functional composition remains relatively stable after the colonization period.  In contrast, 
initial composition and environmental conditions may have lasting effects for species 
composition, suggesting that restoration practitioners should consider these factors when 
forming management plans.  Taken together, our study highlights the importance of both 
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Table 1.  ANOSIM results for species and functional compositions in 2001, 2004, and 2007.  ANOSIM tests whether or not two or 
more groups are distinct in community composition.  The R statistic compares compositional similarity within versus across 
treatments.  R is scaled between -1 and 1 where values near zero represent non-distinct treatments.  Values closer to 1 indicate high 
similarity within treatments while values near -1 indicate higher similarity across treatments versus within treatments.  Significant 
results (<5) indicate distinct groups and are shaded in gray. 
 
a. Comparisons among treatments that contain early annuals 
Treatment 
     pair 
2001 Species 
R Stat       Sig. 
2001 Functional 
R Stat       Sig. 
2004 Species 
R Stat      Sig. 
2004 Functional 
R Stat         Sig. 
2007 Species 
R Stat         Sig. 
2007 Functional 
R Stat       Sig. 
E, EL 0.48 0.2 0.775 0.2 0.056 28.6 0.806 0.5 0.107 21 0.135 15.7 
E, ELP 0.489 0.2 0.75 0.2 0.119 18.1 0.214 11.4 -0.275 100 -0.1 82.5 
E, ELPN 0.469 0.4 0.904 0.2 0.406 2.4 0.881 1.6 -0.069 59.5 0.019 33.3 
E, EP 0.462 0.2 0.821 0.2 0.155 16.2 0.075 28.6 -0.206 96.7 -0.151 93.3 
EL,ELP 0.148 11.5 0.184 9.1 -0.072 77.3 0.159 5.8 0.109 14.3 0.085 22.1 
EL,ELPN 0.717 0.2 0.867 0.2 -0.133 88.7 0.568 0.9 -0.075 71.6 -0.099 80.7 
EL,EP 0.983 0.2 0.994 0.2 0.176 6.9 0.507 0.4 0.009 39.4 -0.05 69.7 
ELP,ELPN 0.365 0.6 0.509 0.2 -0.029 55 0.019 31.2 0 49.2 -0.012 47.6 
ELP,EP 0.874 0.2 0.872 0.2 -0.041 60 0.087 18 -0.195 98.3 -0.136 93.5 
ELPN,EP 0.97 0.2 0.994 0.2 0.203 7.4 0.475 1.7 -0.048 65.4 -0.16 98.7 







Table 1, continued 
b. Comparisons among treatments containing early annuals versus those that do not 
Treatment 
     pair 
2001 Species 
R Stat       Sig. 
2001 Functional 
R Stat       Sig. 
2004 Species 
R Stat      Sig. 
2004 Functional 
R Stat         Sig. 
2007 Species 
R Stat         Sig. 
2007 Functional 
R Stat       Sig. 
E,B 0.952  0.2  0.924  0.2  0.004  47.6  -0.02  41.4  0.833 0.5 0.27  6.2  
E,L 0.939  0.2  1  0.2  0.349  1.9  0.333  5.2  0.429 1.4 -0.079  66.2  
E,LP 0.937  0.2  1  0.2  0.738  1  0.885  0.5  0.23 8.1 -0.004  44.8  
E,N 0.937  0.2  1  0.2  0.218  12.4  -0.032  47.6  0.171 15.2 0.008  36.7  
E,P 1  0.2  1  0.2  0.067  27.6  0.028  37.6  0.269 9.5 -0.125  84.1  
EL,B 1  0.2  0.241  7.1  0.293  1.5  0.391  1.1  0.894 0.2 0.409  1.9  
EL,L 0.804  0.2  0.715  0.4  0.065  22.7  0.102  18.4  0.663 0.2 0.189  5  
EL,LP 0.843  0.2  0.906  0.2  0.215  8.7  0.087  16.7  0.433 0.2 0.109  12.3  
EL,N 1  0.2  0.993  0.2  0.169  9.3  0.146  10.2  0.359 1.1 0.117  11.5  
EL,P 1  0.2  1  0.2  0.02  38.1  0.193  4.3  0.32 1.3 0.016  35.5  
ELP,B 1  0.2  0.57  0.6  0.302  1.9  0.198  8.9  0.613 0.2 0.019  37.9  
ELP,L 0.954  0.2  0.896  0.2  0.154  7.8  -0.022  44.4  0.381 1.1 -0.093  86.8  
ELP,LP 0.909  0.2  0.928  0.2  0.37  1.7  0.035  26.8  0.08 20.1 -0.072  76.6  
ELP,N 1  0.2  1  0.2  0.243  4.1  0.046  24.7  0.067 26.4 -0.035  56.5  
ELP,P 1  0.2  1  0.2  -0.02  55.2  -0.078  79.2  0.068 20.6 -0.092  89.7  
ELPN,B 1  0.2  0.935  0.2  0.568  0.2  0.52  1.3  0.96 0.2 0.368  3.7  
ELPN,L 1  0.2  1  0.2  0.211  3.9  0.232  9.1  0.712 0.4 0.099  16  
ELPN,LP 1  0.2  1  0.2  0.355  2.2  0.144  14.3  0.379 1.3 0.069  21.9  
ELPN,N 1  0.2  0.989  0.2  0.352  0.9  0.395  3.5  0.469 0.9 0.067  22.5  
ELPN,P 1  0.2  1  0.2  0.072  24.9  0.205  7.6  0.5 0.8 -0.024  51.6  
EP,B 1  0.2  0.987  0.2  0.309  0.6  0.133  14.1  0.609 0.2 0.148  9.1  
EP,L 1  0.2  1  0.2  0.37  1.3  0.326  3.2  0.38 1.9 -0.013  48.1  
EP,LP 1  0.2  1  0.2  0.53  0.9  0.504  0.9  0.124 12.1 -0.013  46.3  
EP,N 1  0.2  1  0.2  0.478  1.1  0.202  5.4  0.089 19 0.002  42.6  
EP,P 1  0.2  1  0.2  0.081  22.5  -0.172  95.7  0.024 38.7 -0.096  86.8  
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Table 1, continued 




R Stat       Sig. 
2001 Functional 
R Stat       Sig. 
2004 Species 
R Stat      Sig. 
2004 Functional 
R Stat         Sig. 
2007 Species 
R Stat         Sig. 
2007 Functional 
R Stat       Sig. 
L,B 1 0.2 0.393 1.7 0.339 1.1 0.239 5.2 0.193 4.1 -0.011 48.1 
L,LP 0.081 15.6 0.216 3.5 0.087 18.8 0.152 11.7 -0.113 88.7 -0.017 50.4 
L,N 1 0.2 1 0.2 -0.002 41.8 -0.08 67.5 0.031 30.5 -0.048 70.3 
L,P 1 0.2 1 0.2 0.013 40.5 0.083 17.3 0.331 3 -0.067 69.7 
LP,B 1 0.2 0.594 0.2 0.748 0.2 0.481 0.2 0.396 0.2 0.028 35.9 
LP,N 1 0.2 1 0.2 0.385 1.3 0.341 2.4 -0.08 83.5 0.091 14.3 
LP,P 1 0.2 1 0.2 0.181 8 0.172 6.3 0.043 35.5 -0.128 87.9 
N,B 0.83 0.2 0.98 0.2 0.161 12.6 0.152 9.7 0.204 6.3 0.08 18.6 
N,P 1 0.2 1 0.2 0.043 26.8 0.035 27.5 -0.016 55.2 0.07 17.3 



















Figure 1.  Conceptual diagram showing relationships among key drivers in community 
assembly.  Niche differences (x-axis) and fitness differences (y-axis) follow from Chesson 
(2000).  Neutrality arises when niche and fitness differences equal zero (filled black circle).  
Contingent processes should occur when niche and fitness differences are nearly equal (gray 
shaded area).  Processes above the dashed line result in exclusion while processes below the 

































Deterministic (complementarity or exclusion) 
Contingent (neutrality or priority effects) 
 
Species-Contingent (neutrality or priority effects) 
 
Functional-Deterministic (complementarity or exclusion) 
 
 
Figure 2.  Predictions for changes in compositional dissimilarity among treatments over time.  
The solid lines represent species composition while the dotted lines represent functional 
composition.  Potential drivers are noted in parentheses while the class of mechanism is 
italicized (see Figure 1 for complete details).  We hypothesized scenario (c).  Note that the 
fourth combination (species convergence-functional divergence) is not possible.  Technically 
we would expect dissimilarity to reach an asymptote rather than increase to infinity or 
decrease to zero. 
a. Species and functional compositions converge 
b. Species and functional compositions remain dissimilar or diverge 





Figure 3.  Two-part linear regression of average dissimilarity in species composition 
(asterisks) and functional composition (triangles) calculated with Bray-Curtis dissimilarity 
index.  Dissimilarity values were calculated across treatments within each experimental block 
over the study period
Level of Organization Year Equation p-value        R2 
Species 2001-2004 y = -0.11x + 0.84 <0.001       0.80                
Species 2004-2007 y = 0.03x + 0.322    0.03      0.16 
Functional 2001-2004 y = -0.12x + 0.62 <0.001      0.89 

















































































































































































Figure 4.  NMS plots for functional composition (a, d, g) and species composition (b, c, e, f, h, i) in 2001 (a-c), 2004 (d-f), and 2007 
(g-i).  Each point on the graph represents a different experimental community.  Relative distance between points reflects dissimilarity 
in community composition.  Treatments are denoted with different colors while experimental blocks are denoted with different shapes.  
R statistics and p values are from ANOSIM tests.  R values ~1 indicate that at least two treatments are different in composition, while 
R~0 indicates no distinction in composition across treatments.  P values < 0.05 indicate statistically significant differences among 
treatments.  Pairwise comparisons for each treatment are shown in Table 1.  Black arrows show which functional groups (a, d, g) or 
species (b, c, e, f, h, i) drove the position of communities along the axes.  Correlations between axis scores and functional groups and 
key species are shown in Tables S2 and S3. 
 
































































































Figure 5.  Average relative abundances of functional groups (top) and key species (bottom) by treatment in 2001 (a, d), 2004 (b, e), 
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Figure 6.  Relative abundances (mean +/- SE) of functional groups in 2001, 2004, and 2007.  
Treatment represents the presence (+) or absence (-) of early annual (E) and late annual (L) 
or early annual (E) and mid-perennial (P) functional groups in the original planting. -E-L 
(white) contains B, N, and P treatments; +E-L (dark gray) contains E and EP treatments;        
-E+L (light gray) contains L and LP treatments; +E+L (hatched) contains EL, ELP, and 
ELPN treatments; -E-P (white) contains B, L, and N treatments; +E-P (dark gray) contains E 
and  EL treatments; -E+P (light gray) contains P and LP treatments; +E+P (hatched) contains 
EP, ELP, and ELPN treatments.  Note differences in y-scale among panels.  Cases without 
sufficient data to perform ANOVA are marked with an asterisk. Treatments with the same 
letter are not significantly different from one another within a given year (p > 0.05). Statistics 
in Table S4. 

































































































































































































































































































































































































































































































































































































































Figure 7.  Relative abundances (mean +/- SE) of key species in 2001, 2004, and 2007.  
Treatment represents the presence (+) or absence (-) of early annual (E) and late annual (L) 
or early annual (E) and mid-perennial (P) functional groups in the original planting. 
Treatment designations follow Figure 6.  Statistics in Table S5. 
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Table S1.  Species list and abbreviations with functional group classification based on 
phenology (Early, Mid, or Late season flowering), root structure (Annual versus Perennial), 
and nitrogen-fixing ability (N). Where we could not identify individuals below genus level, 
we use the abbreviation “spp” for the specific name. 
Full Name Species Abbreviations Functional Group 
Agoseris heterophylla Agos.he EA 
Amsinckia menziesii Amsi.me EA 
Aphanes occidentalis Apha.oc EA 
Avena barbata Aven.ba EA 
Avena fatua Aven.fa EA 
Briza spp. Briz.spp EA 
Bromus diandrus Brom.di EA 
Bromus hordeaceus Brom.ho EA 
Bromus madritensis ssp rubens Brom.ma EA 
Castilleja densiflora Cast.de EA 
Claytonia perfoliata Clay.pe EA 
Crassula conata Cras.co EA 
Cryptanthus spp. Cryp.spp EA 
Erodium spp. Erod.spp EA 
Euphorbia spp. Euph.spp EA 
Hesperevax sparsiflora Hesp.sp EA 
Lasthenia californica Last.ca EA 
Layia platyglossa Layi.pl EA 
Lepidium nitidum Lepi.ni EA 
Lolium multiflorum Loli.mu EA 
Lomatium spp. Loma.spp EA 
Madia spp. Madi.spp EA 
Microseris douglasii Micr.do EA 
Oxalis oregana Oxalis.or EA 
Plantago erecta Plan.er EA 
Uropappus lindleyi Urop.li EA 
Vulpia microstachys Vulp.mi EA 
Vulpia myuros Vulp.my EA 
Cuscuta spp. Cusc.spp EA 
Calystegia subacaulus Caly.su EP 
Unknown Corm Corm EP 
Dichelostemma capitatum Dich.ca EP 
Eschscholzia californica Esch.ca EP 
Muilla maritima Muil.ma EP 
Sisyrenchium bellum Sisy.be EP 
Tritellia spp. Trit.spp EP 
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Table S1, continued   
Full Name   Species Abbreviations Functional Group 
Chlorogallum pomeridianum Chlo.po MA 
Malacothrix spp. Mala.spp MA 
Achillea millefolium Achi.mi MP 
Allium sera Alli.se MP 
Elymus multisetus Elym.mu MP 
Nassella pulchra Nass.pu MP 
Calycadenia multiglandulosa Caly.mu LA 
Centaurea solstitialis Cent.so LA 
Epilobium brachycarpum Epil.br LA 
Hemizonia congesta ssp. lazulifolia Hemi.co LA 
Lactuca saligna Lact.sa LA 
Lactuca seriola Lact.se LA 
Lactuca virosa Lact.vi LA 
Lessingia micradenia Less.mi LA 
Senecio vulgaris Sene.sp LA 
Sonchus oleraceus Sonc.ol LA 
Astragalus gambellianus Astr.ga NA 
Lotus subpinnatus Lotu.su NA 
Medicago polymorpha Medi.po NA 
Melilotus spp. Meli.spp NA 
Trifolium albopurpurea Trif.al NA 
Trifolium gracilentum Trif.gr NA 
Trifolium microdon Trif.mi NA 
Trifolium tridentata Trif.tr NA 
Trifolium spp. Trif.spp NA 
Vicia villosa Vici.vi NA 
Lupinus spp. Lupi.spp NP 
   
   
   
   
   
   
   
   
   






Table S2. Pearson correlations of functional group relative abundances and NMS axis scores. 
Holm’s adjustment was applied to p-values to correct for multiple comparisons.  Significant 

































































    
    








Table S3. Pearson correlations of species relative abundances and NMS axis scores. Holm’s adjustment was applied to p values to 




Coefficient p  Species Axis 
Correlation 




     p 
Plan.er 1 0.73 <0.001 Cent.so 2 0.63 <0.001 Less.mi 3 0.86 <0.001 
Last.ca 1 0.43 <0.001 Layi.pl 2 0.59 <0.001 Hesp.sp 3 0.14   0.005 
Caly.mu 1 0.35 <0.001 Caly.mu 2 0.54 <0.001 Caly.mu 3 0.14   0.005 
Astr.ga 1 0.19 <0.001 Epil.br 2 0.48 <0.001 Aven.ba 3 0.14   0.007 
Lotu.su 1 0.15 0.002 Lotu.su 2 0.43 <0.001 Epil.br 3 0.09   0.085 
Achi.mi 1 0.12 0.021 Astr.ga 2 0.32 <0.001 Layi.pl 3 0.09   0.087 
Elym.mu 1 0.11 0.033 Nass.pu 2 0.24 <0.001 Nass.pu 3 -0.36 <0.001 
Layi.pl 1 0.10 0.038 Aven.ba 2 0.22 <0.001 Plan.er 3 -0.27 <0.001 
Brom.ma 1 -0.64 <0.001 Elym.mu 2 0.17 <0.001 Vici.sp 3 -0.26 <0.001 
Loli.mu 1 -0.61 <0.001 Brom.ma 2 0.12 0.017 Elym.mu 3 -0.25 <0.001 
Vulp.my 1 -0.36 <0.001 Achi.mi 2 0.09 0.081 Last.ca 3 -0.20 <0.001 
Vici.sp 1 -0.29 <0.001 Hemi.co 2 -0.16 0.002 Loli.mu 3 -0.19 <0.001 
Muil.ma 1 -0.26 <0.001 Vulp.my 2 -0.21 <0.001 Brom.ma 3 -0.15   0.003 
Conv.sp 1 -0.25 <0.001 Less.mi 2 -0.21 <0.001 Euph.spp 3 -0.09   0.065 
Aven.ba 1 -0.24 <0.001 Vulp.mi 2 -0.24 <0.001 
   
 
Euph.spp 1 -0.19 <0.001 Last.ca 2 -0.32 <0.001 
   
 
Trif.mi 1 -0.13 0.011 Loli.mu 2 -0.33 <0.001 
   
 
Hemi.co 1 -0.13 0.012 Plan.er 2 -0.39 <0.001 
    
 
                                         
80 
 
Table S4. ANOVA tables for the relative abundances of functional groups in 2001, 2004, and 2007.  Significant effects (p-value < 
0.05) are bolded while non-significant trends (0.05 < p-value < 0.1) are italicized.  All data were arcsine square root transformed to 
help meet assumptions of normality and heteroscedasticity.  Cases without sufficient data to complete analyses are blank. 































E 1.90 1 333.15 <0.001 E 0.01 1 1.04 0.313 E 0.05 1 8.12 0.007 
L 0.21 1 37.20 <0.001 L 0.14 1 31.23 <0.001 L 0.00 1 0.00 0.966 
P 0.06 1 10.17 0.003 P 0.00 1 0.01 0.930 P 0.02 1 3.46 0.070 
N 0.03 1 5.00 0.030 N 0.05 1 10.39 0.002 N 0.01 1 0.77 0.385 
block 0.05 5 1.85 0.123 block 0.08 5 3.48 0.010 block 0.27 5 9.13 <0.001 
E:L 0.04 1 7.64 0.008 E:L 0.01 1 1.07 0.306 E:L 0.00 1 0.07 0.787 
E:P 0.02 1 3.73 0.060 E:P 0.01 1 2.94 0.094 E:P 0.00 1 0.51 0.478 
L:P 0.04 1 6.63 0.013 L:P 0.00 1 0.53 0.469 L:P 0.00 1 0.42 0.519 
E:L:P 0.00 1 0.01 0.924 E:L:P 0.00 1 0.14 0.708 E:L:P 0.00 1 0.32 0.574 
E:L:P:N 0.03 1 5.96 0.019 E:L:P:N 0.00 1 0.78 0.381 E:L:P:N 0.00 1 0.14 0.713 































E 0.00 1 0.05 0.822 E 0.00 1 0.00 0.976 E 0.02 1 2.72 0.107 
L 0.00 1 1.32 0.257 L 0.01 1 3.72 0.060 L 0.00 1 0.43 0.517 
P 0.00 1 1.32 0.257 P 0.00 1 0.10 0.756 P 0.00 1 0.00 0.949 
N 0.00 1 1.64 0.207 N 0.00 1 0.01 0.944 N 0.00 1 0.17 0.685 
block 0.00 5 0.80 0.559 block 0.05 5 2.93 0.023 block 0.09 5 2.38 0.055 
E:L 0.00 1 0.07 0.789 E:L 0.00 1 0.05 0.820 E:L 0.00 1 0.45 0.506 
E:P 0.00 1 0.07 0.789 E:P 0.00 1 0.15 0.700 E:P 0.00 1 0.27 0.605 
L:P 0.00 1 2.38 0.130 L:P 0.00 1 0.91 0.347 L:P 0.00 1 0.52 0.473 
E:L:P 0.00 1 0.04 0.846 E:L:P 0.00 1 0.25 0.621 E:L:P 0.00 1 0.07 0.794 
E:L:P:N 0.00 1 1.64 0.207 E:L:P:N 0.01 1 2.07 0.157 E:L:P:N 0.01 1 0.90 0.349 
Residuals 0.00 45   Residuals 0.15 42   Residuals 0.29 40   
 




Table S4, continued             
  2001     2004     2007   
Late 
annual SS df F ratio p 
Late 
annual SS df F ratio p 
Late 
annual SS df F ratio p 
E 0.96 1 157.62 <0.001 E 0.00 1 0.55 0.462 E 0.04 1 5.41 0.025 
L 1.71 1 281.45 <0.001 L 0.06 1 13.71 <0.001 L 0.00 1 0.08 0.776 
P 0.45 1 74.23 <0.001 P 0.03 1 8.49 0.006 P 0.01 1 1.70 0.200 
N 0.15 1 25.21 <0.001 N 0.03 1 6.80 0.012 N 0.00 1 0.06 0.801 
Block 0.05 5 1.68 0.158 block 0.08 5 3.71 0.007 block 0.13 5 3.90 0.006 
E:L 0.00 1 0.23 0.631 E:L 0.00 1 0.50 0.485 E:L 0.00 1 0.21 0.652 
E:P 0.02 1 3.80 0.057 E:P 0.00 1 0.84 0.364 E:P 0.02 1 2.29 0.138 
L:P 0.18 1 30.34 <0.001 L:P 0.01 1 2.26 0.140 L:P 0.00 1 0.25 0.620 
E:L:P 0.02 1 3.32 0.075 E:L:P 0.00 1 0.04 0.844 E:L:P 0.00 1 0.04 0.836 
E:L:P:N 0.04 1 5.83 0.020 E:L:P:N 0.00 1 0.00 0.950 E:L:P:N 0.00 1 0.09 0.760 































E - - - - E - - - - E 0.00 1 0.32 0.574 
L - - - - L - - - - L 0.00 1 0.37 0.546 
P - - - - P - - - - P 0.00 1 0.41 0.525 
N - - - - N - - - - N 0.00 1 0.76 0.387 
Block - - - - block - - - - block 0.00 5 2.48 0.052 
E:L - - - - E:L - - - - E:L 0.00 1 0.33 0.568 
E:P - - - - E:P - - - - E:P 0.00 1 0.41 0.526 
L:P - - - - L:P - - - - L:P 0.00 1 3.53 0.068 
E:L:P - - - - E:L:P - - - - E:L:P 0.00 1 0.47 0.499 
E:L:P:N - - - - E:L:P:N - - - - E:L:P:N 0.00 1 2.11 0.154 
Residuals - - - - Residuals - - - - Residuals 0.00 40   
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Table S4, continued            
  2001     2004     2007   
Mid- 
perennial SS df F ratio p 
Mid- 
perennial SS df F ratio p 
Mid- 
perennial SS df F ratio p 
E 0.06 1 22.54 <0.001 E 0.02 1 5.84 0.020 E 0.00 1 1.39 0.245 
L 0.30 1 107.11 <0.001 L 0.02 1 5.72 0.021 L 0.00 1 1.71 0.199 
P 2.09 1 735.46 <0.001 P 0.20 1 66.87 <0.001 P 0.04 1 15.54 <0.001 
N 0.00 1 0.12 0.727 N 0.00 1 0.03 0.861 N 0.00 1 0.68 0.413 
Block 0.02 5 1.74 0.146 block 0.02 5 1.36 0.260 block 0.05 5 3.59 0.009 
E:L 0.11 1 38.61 <0.001 E:L 0.00 1 0.09 0.762 E:L 0.00 1 1.39 0.246 
E:P 0.10 1 36.10 <0.001 E:P 0.00 1 0.06 0.803 E:P 0.01 1 5.19 0.028 
L:P 0.29 1 103.52 <0.001 L:P 0.01 1 2.31 0.136 L:P 0.00 1 0.54 0.467 
E:L:P 0.15 1 53.59 <0.001 E:L:P 0.00 1 0.03 0.874 E:L:P 0.01 1 2.39 0.130 
E:L:P:N 0.00 1 0.12 0.727 E:L:P:N 0.00 1 0.27 0.605 E:L:P:N 0.01 1 2.44 0.127 














































E 0.01 1 157.62 <0.001 E 0.01 1 2.46 0.124 E 0.03 1 3.40 0.073 
L 0.04 1 281.45 <0.001 L 0.01 1 6.62 0.013 L 0.00 1 0.00 0.972 
P 0.05 1 74.23 <0.001 P 0.00 1 1.75 0.193 P 0.03 1 3.44 0.071 
N 0.84 1 25.21 <0.001 N 0.01 1 6.26 0.016 N 0.02 1 1.66 0.205 
Block 0.02 5 1.68 0.158 block 0.00 5 0.43 0.825 block 0.32 5 6.76 <0.001 
E:L 0.00 1 0.23 0.631 E:L 0.00 1 0.46 0.501 E:L 0.02 1 1.73 0.196 
E:P 0.00 1 3.80 0.057 E:P 0.01 1 3.25 0.079 E:P 0.00 1 0.00 0.991 
L:P 0.00 1 30.34 <0.001 L:P 0.00 1 1.31 0.259 L:P 0.01 1 1.16 0.288 
E:L:P 0.01 1 3.32 0.075 E:L:P 0.00 1 0.63 0.431 E:L:P 0.03 1 3.20 0.081 
E:L:P:N 0.14 1 5.83 0.020 E:L:P:N 0.01 1 2.45 0.125 E:L:P:N 0.00 1 0.11 0.745 
Residuals 0.11 45   Residuals 0.09 42   Residuals 0.37 40   
 
               
 




Table S4, continued   
 
    
 
    
  2001     2004     2007   
Nitrogen-
fixing 
perennial SS df F ratio p 
Nitrogen-
fixing 
perennial SS df F ratio p 
Nitrogen-
fixing 
perennial SS df F ratio p 
E - - - - E 0.00 1 1.15 0.291 E 0.00 1 0.04 0.852 
L - - - - L 0.00 1 1.49 0.230 L 0.00 1 4.30 0.045 
P - - - - P 0.00 1 1.49 0.230 P 0.00 1 0.09 0.762 
N - - - - N 0.00 1 7.24 0.01 N 0.00 1 0.00 0.980 
Blk - - - - blk 0.00 5 0.96 0.454 blk 0.00 5 1.38 0.252 
E:L - - - - E:L 0.00 1 0.00 0.945 E:L 0.00 1 0.00 0.955 
E:P - - - - E:P 0.00 1 0.00 0.945 E:P 0.00 1 1.68 0.203 
L:P - - - - L:P 0.00 1 0.00 0.945 L:P 0.00 1 0.00 0.974 
E:L:P - - - - E:L:P 0.00 1 1.00 0.323 E:L:P 0.00 1 2.69 0.109 
E:L:P:N - - - - E:L:P:N 0.00 1 8.05 0.007 E:L:P:N 0.00 1 0.00 0.981 
Residuals - - - - Residuals 0.00 42 
  
Residuals 0.00 40 
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Table S5. ANOVA tables for the relative abundances of key species in 2001, 2004, and 2007.  Significant effects (p-value < 0.05) are 
bolded while non-significant trends (0.05 < p-value < 0.1) are italicized.  All data were arcsine square root transformed to help meet 
assumptions of normality and heteroscedasticity.  Species’ abbreviations follow Table S1. 
  2001      2004               2007  
 
Brom.ma SS df F ratio p 
 
Brom.ma SS df F ratio p 
 
Brom.ma SS df F ratio p 
E 0.07 1 13.21 <0.001 
 
E 0.27 1 21.83 <0.001 
 
E 0.59 1 53.45 <0.001 
L 0.00 1 0.22 0.644 
 
L 0.11 1 8.79 0.005 
 
L 0.00 1 0.02 0.903 
P 0.00 1 0.00 0.989 
 
P 0.02 1 1.34 0.254 
 
P 0.00 1 0.08 0.782 
N 0.01 1 2.42 0.127 
 
N 0.04 1 3.51 0.068 
 
N 0.01 1 0.73 0.398 
blk 0.08 5 2.87 0.025 
 
blk 0.44 5 7.10 <0.001 
 
blk 0.02 5 0.30 0.910 
E:L 0.01 1 1.53 0.223 
 
E:L 0.04 1 2.86 0.098 
 
E:L 0.01 1 1.12 0.296 
E:P 0.01 1 1.09 0.303 
 
E:P 0.03 1 2.76 0.104 
 
E:P 0.03 1 2.90 0.096 
L:P 0.01 1 1.47 0.232 
 
L:P 0.01 1 0.56 0.458 
 
L:P 0.00 1 0.36 0.551 
E:L:P 0.00 1 0.50 0.483 
 
E:L:P 0.01 1 0.61 0.439 
 
E:L:P 0.00 1 0.00 0.987 
E:L:P:N 0.02 1 3.68 0.062 
 
E:L:P:N 0.00 1 0.40 0.531 
 
E:L:P:N 0.04 1 3.89 0.056 
Residuals 0.25 45 
   
Residuals 0.51 42 
   
Residuals 0.45 40 
   
Plan.er SS df F ratio p 
 
Plan.er SS df F ratio p 
 
Plan.er SS df F ratio p 
E 2.07 1 545.33 <0.001 
 
E 0.02 1 2.00 0.165 
 
E 0.35 1 32.12 <0.001 
L 0.01 1 2.78 0.103 
 
L 0.00 1 0.20 0.660 
 
L 0.01 1 0.57 0.454 
P 0.00 1 0.45 0.508 
 
P 0.03 1 3.10 0.086 
 
P 0.03 1 2.72 0.107 
N 0.00 1 0.80 0.376 
 
N 0.01 1 0.77 0.384 
 
N 0.06 1 5.80 0.021 
blk 0.02 5 1.20 0.326 
 
blk 0.19 5 4.82 0.001 
 
blk 0.12 5 2.11 0.084 
E:L 0.02 1 5.17 0.028 
 
E:L 0.00 1 0.53 0.472 
 
E:L 0.00 1 0.01 0.940 
E:P 0.00 1 0.47 0.497 
 
E:P 0.00 1 0.00 0.971 
 
E:P 0.08 1 7.22 0.010 
L:P 0.00 1 0.36 0.554 
 
L:P 0.02 1 2.08 0.156 
 
L:P 0.04 1 3.95 0.054 
E:L:P 0.00 1 0.02 0.901 
 
E:L:P 0.01 1 1.04 0.313 
 
E:L:P 0.01 1 0.92 0.344 
E:L:P:N 0.00 1 0.80 0.376 
 
E:L:P:N 0.00 1 0.04 0.836 
 
E:L:P:N 0.02 1 2.11 0.154 
Residuals 0.17 45 
   
Residuals 0.34 42 
   
Residuals 0.44 40 
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Table S5, continued            
  2001     2004     2007   
 
Last.ca SS df F ratio p Last.ca SS df F ratio p Last.ca SS df F ratio p 
E 0.56 1 99.27 <0.001 E 0.12 1 32.05 <0.001 E 0.00 1 0.45 0.508 
L 0.01 1 2.49 0.121 L 0.00 1 0.45 0.507 L 0.00 1 0.10 0.754 
P 0.01 1 2.07 0.157 P 0.01 1 2.10 0.154 P 0.00 1 0.05 0.824 
N 0.00 1 0.17 0.681 N 0.00 1 0.25 0.622 N 0.00 1 0.59 0.446 
blk 0.01 5 0.52 0.762 blk 0.04 5 2.20 0.072 blk 0.01 5 1.66 0.166 
E:L 0.00 1 0.61 0.439 E:L 0.00 1 0.05 0.818 E:L 0.00 1 0.41 0.523 
E:P 0.02 1 4.05 0.050 E:P 0.03 1 6.77 0.013 E:P 0.01 1 4.84 0.034 
L:P 0.01 1 2.46 0.124 L:P 0.01 1 2.61 0.113 L:P 0.00 1 0.15 0.703 
E:L:P 0.02 1 4.42 0.041 E:L:P 0.00 1 0.50 0.485 E:L:P 0.00 1 0.11 0.740 
E:L:P:N 0.01 1 1.28 0.264 E:L:P:N 0.00 1 0.02 0.893 E:L:P:N 0.00 1 2.02 0.163 
Residuals 0.25 45 
  
Residuals 0.16 42 
  
Residuals 0.07 40 
   
Loli.mu SS df F ratio p Loli.mu SS df F ratio p Loli.mu SS df F ratio p 
E 0.03 1 4.10 0.049 E 0.00 1 0.01 0.937 E 0.00 1 0.09 0.770 
L 0.01 1 1.92 0.172 L 0.02 1 5.18 0.028 L 0.01 1 0.79 0.380 
P 0.01 1 1.92 0.172 P 0.02 1 3.36 0.074 P 0.00 1 0.20 0.656 
N 0.00 1 0.03 0.863 N 0.00 1 0.45 0.505 N 0.03 1 2.84 1.000 
blk 0.03 5 0.93 0.470 blk 0.02 5 1.01 0.426 blk 0.15 5 2.82 0.028 
E:L 0.02 1 2.49 0.121 E:L 0.02 1 3.72 0.060 E:L 0.00 1 0.23 0.633 
E:P 0.02 1 2.49 0.121 E:P 0.00 1 0.61 0.438 E:P 0.05 1 5.00 0.031 
L:P 0.02 1 2.49 0.121 L:P 0.00 1 0.86 0.359 L:P 0.11 1 10.24 0.003 
E:L:P 0.02 1 3.08 0.086 E:L:P 0.00 1 0.05 0.823 E:L:P 0.00 1 0.03 0.862 
E:L:P:N 0.00 1 0.03 0.863 E:L:P:N 0.00 1 0.14 0.707 E:L:P:N 0.02 1 1.54 0.221 
Residuals 0.31 45 
  
Residuals 0.19 42 
  
Residuals 0.43 40 
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Table S5, continued             
  2001                 2004   2007  
 
Lotu.su SS df F ratio p Lotu.su SS df F ratio p Lotu.su SS df F ratio p 
E 0.01 1 5.51 0.023 E 0.00 1 1.07 0.306 E 0.00 1 1.47 0.233 
L 0.03 1 16.39 <0.001 L 0.02 1 8.20 0.007 L 0.00 1 1.09 0.303 
P 0.04 1 22.22 <0.001 P 0.00 1 0.29 0.594 P 0.00 1 0.83 0.369 
N 0.75 1 458.98 <0.001 N 0.01 1 6.29 0.016 N 0.01 1 3.54 0.067 
blk 0.01 5 1.82 0.128 blk 0.00 5 0.44 0.819 blk 0.02 5 1.84 0.128 
E:L 0.00 1 0.23 0.634 E:L 0.00 1 0.66 0.420 E:L 0.01 1 3.24 0.080 
E:P 0.00 1 1.20 0.279 E:P 0.01 1 6.19 0.017 E:P 0.00 1 2.49 0.122 
L:P 0.00 1 0.23 0.634 L:P 0.00 1 1.88 0.177 L:P 0.01 1 3.66 0.063 
E:L:P 0.01 1 6.81 0.012 E:L:P 0.00 1 0.24 0.628 E:L:P 0.00 1 1.95 0.170 
E:L:P:N 0.11 1 68.21 <0.001 E:L:P:N 0.01 1 2.64 0.112 E:L:P:N 0.00 1 0.25 0.616 
Residuals 0.07 45 
  
Residuals 0.08 42 
  
Residuals 0.08 40 
   
Nass.pu SS df F ratio p  Nass.pu SS df F ratio p  Nass.pu SS df F ratio p  
E 0.04 1 24.33 <0.001 E 0.01 1 4.82 0.034 E 0.00 1 0.17 0.682 
L 0.21 1 114.90 <0.001 L 0.00 1 2.10 0.155 L 0.00 1 1.63 0.209 
P 1.44 1 791.27 <0.001 P 0.20 1 92.52 <0.001 P 0.05 1 16.91 <0.001 
N 0.00 1 2.56 0.117 N 0.00 1 0.00 0.955 N 0.01 1 2.41 0.128 
blk 0.01 5 0.69 0.634 blk 0.02 5 2.09 0.086 blk 0.04 5 2.87 0.026 
E:L 0.08 1 42.91 <0.001 E:L 0.00 1 0.51 0.481 E:L 0.00 1 1.02 0.318 
E:P 0.07 1 37.80 <0.001 E:P 0.00 1 1.19 0.281 E:P 0.01 1 3.75 0.060 
L:P 0.24 1 132.39 <0.001 L:P 0.01 1 5.16 0.028 L:P 0.01 1 2.69 0.109 
E:L:P 0.11 1 57.88 <0.001 E:L:P 0.00 1 1.42 0.239 E:L:P 0.01 1 4.73 0.036 
E:L:P:N 0.00 1 2.56 0.117 E:L:P:N 0.00 1 0.93 0.340 E:L:P:N 0.01 1 3.30 0.077 
Residuals 0.08 45 
  
Residuals 0.09 42 
  
Residuals 0.11 40 
           
 
 




Table S5, continued 
            































E 0.03 1 3.66 0.062 E 0.01 1 0.93 0.341 E 0.01 1 2.25 0.141 
L 0.17 1 24.20 <0.001 L 0.12 1 16.31 <0.001 L 0.00 1 0.62 0.435 
P 0.11 1 15.82 <0.001 P 0.06 1 8.07 0.007 P 0.03 1 5.27 0.027 
N 0.00 1 0.11 0.741 N 0.00 1 0.06 0.809 N 0.02 1 2.69 0.109 
block 0.01 5 0.28 0.919 block 0.06 5 1.68 0.160 block 0.07 5 2.45 0.050 
E:L 0.04 1 5.11 0.029 E:L 0.00 1 0.02 0.902 E:L 0.00 1 0.00 0.956 
E:P 0.01 1 1.15 0.289 E:P 0.00 1 0.01 0.909 E:P 0.03 1 5.42 0.025 
L:P 0.04 1 5.25 0.027 L:P 0.02 1 2.14 0.151 L:P 0.01 1 1.50 0.228 
E:L:P 0.00 1 0.49 0.487 E:L:P 0.00 1 0.07 0.797 E:L:P 0.00 1 0.03 0.864 
E:L:P:N 0.00 1 0.52 0.476 E:L:P:N 0.00 1 0.33 0.566 E:L:P:N 0.01 1 1.74 0.195 
Residuals 0.31 45   Residuals 0.30 42   Residuals 0.23 40   
 
Cent.so SS df F ratio p 
 
Cent.so SS df F ratio p 
 
Cent.so SS df F ratio p 
E 0.10 1 37.88 <0.001 E 0.00 1 7.81 0.008 E 0.00 1 2.54 0.119 
L 0.23 1 85.64 <0.001 L 0.00 1 0.86 0.360 L 0.00 1 2.35 0.133 
P 0.05 1 17.39 <0.001 P 0.00 1 0.25 0.623 P 0.00 1 0.80 0.377 
N 0.01 1 5.27 0.026 N 0.00 1 0.11 0.742 N 0.00 1 0.65 0.426 
block 0.03 5 1.98 0.100 block 0.00 5 1.08 0.385 block 0.00 5 0.68 0.645 
E:L 0.11 1 40.78 <0.001 E:L 0.00 1 2.09 0.155 E:L 0.00 1 0.73 0.399 
E:P 0.01 1 2.82 0.100 E:P 0.00 1 1.37 0.249 E:P 0.00 1 0.83 0.369 
L:P 0.06 1 20.69 <0.001 L:P 0.00 1 0.94 0.337 L:P 0.00 1 0.65 0.427 
E:L:P 0.00 1 0.86 0.359 E:L:P 0.00 1 0.06 0.809 E:L:P 0.00 1 0.25 0.620 
E:L:P:N 0.01 1 5.27 0.026 E:L:P:N 0.00 1 0.15 0.698 E:L:P:N 0.00 1 0.49 0.487 
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E 0.10 1 53.35 <0.001 E 0.00 1 4.53 0.039 E 0.00 1 0.51 0.480 
L 0.03 1 14.62 <0.001 L 0.00 1 0.14 0.714 L 0.00 1 1.90 0.175 
P 0.04 1 20.97 <0.001 P 0.00 1 2.13 0.152 P 0.00 1 1.60 0.214 
N 0.05 1 26.05 <0.001 N 0.00 1 1.25 0.270 N 0.00 1 0.04 0.842 
block 0.02 5 1.56 0.191 block 0.03 5 6.00 <0.001 block 0.01 5 1.83 0.129 
E:L 0.03 1 17.41 <0.001 E:L 0.00 1 0.02 0.880 E:L 0.00 1 1.82 0.185 
E:P 0.05 1 23.74 <0.001 E:P 0.00 1 1.24 0.273 E:P 0.00 1 0.89 0.350 
L:P 0.04 1 20.55 <0.001 L:P 0.00 1 0.38 0.541 L:P 0.00 1 1.77 0.190 
E:L:P 0.00 1 1.52 0.224 E:L:P 0.00 1 1.30 0.261 E:L:P 0.00 1 0.16 0.689 
E:L:P:N 0.04 1 18.49 <0.001 E:L:P:N 0.00 1 2.21 0.145 E:L:P:N 0.00 1 0.19 0.664 
Residuals 0.09 45   Residuals 0.04 42   Residuals 0.04 40   
 
Hemi.co SS df F ratio p 
 
Hemi.co SS df F ratio p 
 
Hemi.co SS df F ratio p 
E 0.02 1 6.49 0.014 E 0.02 1 5.15 0.029 E 0.01 1 1.49 0.229 
L 0.40 1 116.67 <0.001 L 0.13 1 36.56 <0.001 L 0.08 1 21.27 <0.001 
P 0.01 1 1.65 0.21 P 0.00 1 0.02 0.893 P 0.00 1 0.22 0.643 
N 0.00 1 0.34 0.562 N 0.01 1 1.46 0.233 N 0.02 1 5.47 0.024 
block 0.04 5 2.26 0.065 block 0.04 5 2.23 0.069 block 0.05 5 2.64 0.037 
E:L 0.01 1 4.21 0.046 E:L 0.02 1 4.97 0.031 E:L 0.03 1 6.55 0.014 
E:P 0.00 1 0.25 0.620 E:P 0.01 1 1.69 0.201 E:P 0.00 1 0.02 0.876 
L:P 0.00 1 0.78 0.382 L:P 0.00 1 0.34 0.562 L:P 0.00 1 0.00 0.959 
E:L:P 0.00 1 0.57 0.454 E:L:P 0.01 1 1.53 0.223 E:L:P 0.00 1 0.10 0.754 
E:L:P:N 0.00 1 0.34 0.562 E:L:P:N 0.00 1 0.55 0.462 E:L:P:N 0.00 1 0.06 0.808 
Residuals 0.15 45   Residuals 0.15 42   Residuals 0.15 40   
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E 0.14 1 21.46 <0.001 E 0.03 1 5.58 0.023 E 0.01 1 1.05 0.311 
L 3.44 1 525.26 <0.001 L 0.08 1 15.93 <0.001 L 0.03 1 3.78 0.059 
P 0.03 1 4.85 0.033 P 0.01 1 2.63 0.113 P 0.00 1 0.02 0.879 
N 0.01 1 1.12 0.296 N 0.04 1 7.72 0.008 N 0.00 1 0.00 0.976 
block 0.09 5 2.62 0.037 block 0.04 5 1.84 0.125 block 0.09 5 2.16 0.077 
E:L 0.20 1 29.95 <0.001 E:L 0.02 1 3.55 0.067 E:L 0.00 1 0.46 0.502 
E:P 0.02 1 3.63 0.063 E:P 0.01 1 2.35 0.133 E:P 0.00 1 0.51 0.481 
L:P 0.00 1 0.04 0.834 L:P 0.00 1 0.05 0.830 L:P 0.00 1 0.16 0.690 
E:L:P 0.00 1 0.16 0.695 E:L:P 0.00 1 0.19 0.667 E:L:P 0.00 1 0.04 0.841 
E:L:P:N 0.01 1 1.12 0.296 E:L:P:N 0.00 1 0.16 0.693 E:L:P:N 0.00 1 0.42 0.520 
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Table S6.  ANOVA tables for the absolute abundances functional groups in 2001, 2004, and 2007.  Significant effects (p-value < 0.05) 
are bolded while non-significant trends (0.05 < p-value < 0.1) are italicized.  All data were ln+1 transformed to help meet assumptions 
of normality and heteroscedasticity.  Cases without sufficient data to complete analyses are blank. 
 
 2001   2004   2007  
Early 
annual SS df F ratio p 
Early 
annual SS df F ratio p 
Early 
annual SS df F ratio p 
E 3.96 1 336.60 <0.001 E 0.01 1 0.45 0.507 E 0.15 1 15.03 <0.001 
L 0.01 1 1.27 0.266 L 0.33 1 14.98 <0.001 L 0.00 1 0.45 0.507 
P 0.00 1 0.41 0.524 P 0.03 1 1.24 0.271 P 0.00 1 0.00 0.951 
N 0.02 1 1.36 0.250 N 0.34 1 15.10 <0.001 N 0.02 1 2.26 0.141 
blk 0.12 5 2.01 0.095 blk 1.44 5 12.89 <0.001 blk 1.64 5 33.84 <0.001 
E:L 0.08 1 6.46 0.015 E:L 0.04 1 1.77 0.190 E:L 0.02 1 1.77 0.191 
E:P 0.00 1 0.15 0.697 E:P 0.16 1 7.27 0.01 E:P 0.05 1 5.55 0.024 
L:P 0.00 1 0.26 0.615 L:P 0.09 1 4.08 0.05 L:P 0.00 1 0.01 0.922 
E:L:P 0.02 1 1.71 0.197 E:L:P 0.01 1 0.37 0.546 E:L:P 0.01 1 1.52 0.225 
E:L:P:N 0.01 1 1.12 0.295 E:L:P:N 0.02 1 1.00 0.324 E:L:P:N 0.02 1 1.58 0.215 






Residuals 0.39 40 
  Early 
perennial SS df F ratio p 
Early 
perennial SS df F ratio p 
Early 
perennial SS df F ratio p 
E 0.00 1 0.83 0.367 E 0.00 1 0.08 0.774 E 0.01 1 1.59 0.215 
L 0.00 1 1.50 0.227 L 0.01 1 4.23 0.046 L 0.00 1 0.53 0.471 
P 0.00 1 1.50 0.227 P 0.00 1 1.08 0.305 P 0.01 1 0.89 0.351 
N 0.00 1 0.50 0.483 N 0.00 1 0.04 0.835 N 0.00 1 0.48 0.493 
blk 0.00 5 0.82 0.539 blk 0.01 5 1.76 0.143 blk 0.13 5 3.54 0.010 
E:L 0.00 1 0.24 0.628 E:L 0.00 1 0.07 0.786 E:L 0.00 1 0.00 0.990 
E:P 0.00 1 0.24 0.628 E:P 0.00 1 0.00 0.976 E:P 0.01 1 1.12 0.296 
L:P 0.00 1 2.22 0.143 L:P 0.00 1 2.56 0.117 L:P 0.00 1 0.06 0.814 
E:L:P 0.00 1 0.62 0.434 E:L:P 0.00 1 0.08 0.782 E:L:P 0.00 1 0.00 0.975 
E:L:P:N 0.00 1 0.50 0.483 E:L:P:N 0.00 1 0.41 0.525 E:L:P:N 0.01 1 1.66 0.204 
Residuals 0.00 45 
  
Residuals 0.06 42 
  
Residuals 0.30 40 
  
 




Table S6, continued             
 2001   2004   2007  
Late 
annual SS df F ratio p 
Late 
annual SS df F ratio p 
Late 
annual SS df F ratio p 
E 0.37 1 47.14 <0.001 E 0.01 1 0.86 0.358 E 0.01 1 2.25 0.142 
L 3.62 1 459.76 <0.001 L 0.03 1 5.00 0.031 L 0.01 1 1.18 0.283 
P 0.16 1 20.77 <0.001 P 0.02 1 3.40 0.072 P 0.00 1 0.15 0.703 
N 0.01 1 0.64 0.429 N 0.00 1 0.04 0.837 N 0.00 1 0.14 0.714 
blk 0.05 5 1.23 0.311 blk 0.24 5 7.57 <0.001 blk 0.11 5 4.42 0.003 
E:L 0.10 1 12.15 0.001 E:L 0.00 1 0.36 0.553 E:L 0.00 1 0.01 0.913 
E:P 0.04 1 4.52 0.039 E:P 0.01 1 2.03 0.159 E:P 0.00 1 0.25 0.620 
L:P 0.04 1 5.37 0.025 L:P 0.00 1 0.07 0.799 L:P 0.01 1 1.14 0.292 
E:L:P 0.02 1 2.58 0.115 E:L:P 0.00 1 0.10 0.752 E:L:P 0.00 1 0.19 0.664 
E:L:P:N 0.01 1 1.00 0.323 E:L:P:N 0.01 1 0.95 0.336 E:L:P:N 0.00 1 0.83 0.368 
Residuals 0.35 45 
  
Residuals 0.27 42 
  
Residuals 0.19 40 
  Mid- 
annual SS df F ratio p 
Mid- 
annual SS df F ratio p 
Mid- 
annual SS df F ratio p 
E - - - - E - - - - E 0.00 1 1.05 0.311 
L - - - - L - - - - L 0.00 1 0.46 0.501 
P - - - - P - - - - P 0.00 1 0.54 0.468 
N - - - - N - - - - N 0.00 1 0.96 0.333 
blk - - - - blk - - - - blk 0.00 5 2.70 0.034 
E:L - - - - E:L - - - - E:L 0.00 1 0.09 0.769 
E:P - - - - E:P - - - - E:P 0.00 1 0.11 0.738 
L:P - - - - L:P - - - - L:P 0.00 1 3.23 0.080 
E:L:P - - - - E:L:P - - - - E:L:P 0.00 1 1.17 0.287 
E:L:P:N - - - - E:L:P:N - - - - E:L:P:N 0.00 1 1.70 0.200 
Residuals - - - - Residuals - - - - Residuals 0.00 40 
               
 
 




Table S6, continued            
 2001   2004   2007  
Mid- 
perennial SS df F ratio p 
Mid- 
perennial SS df F ratio p 
Mid- 
perennial SS df F ratio p 
E 0.03 1 5.58 0.023 E 0.00 1 1.01 0.320 E 0.00 1 0.73 0.397 
L 0.23 1 37.37 <0.001 L 0.01 1 3.74 0.060 L 0.00 1 2.96 0.093 
P 1.52 1 251.23 <0.001 P 0.08 1 30.57 <0.001 P 0.01 1 15.38 <0.001 
N 0.00 1 0.72 0.401 N 0.00 1 0.20 0.659 N 0.00 1 0.32 0.576 
blk 0.07 5 2.26 0.065 blk 0.02 5 1.20 0.327 blk 0.01 5 2.58 0.041 
E:L 0.10 1 15.88 <0.001 E:L 0.00 1 0.14 0.713 E:L 0.00 1 2.37 0.131 
E:P 0.06 1 10.26 0.002 E:P 0.00 1 0.03 0.874 E:P 0.00 1 3.85 0.057 
L:P 0.26 1 42.17 <0.001 L:P 0.01 1 3.39 0.072 L:P 0.00 1 0.02 0.887 
E:L:P 0.13 1 21.89 <0.001 E:L:P 0.00 1 0.21 0.652 E:L:P 0.00 1 0.715 0.715 
E:L:P:N 0.00 1 0.72 0.401 E:L:P:N 0.00 1 0.20 0.660 E:L:P:N 0.00 1 0.559 0.559 
Residuals 0.27 45 
  
Residuals 0.11 42 
  
Residuals 0.03 40 
  Nitrogen-
fixing 
annual SS df F ratio p 
Nitrogen-
fixing 
annual SS df F ratio p 
Nitrogen-
fixing 
annual SS df F ratio p 
E 0.00 1 0.63 0.431 E 0.00 1 0.70 0.407 E 0.01 1 1.34 0.254 
L 0.01 1 4.70 0.035 L 0.00 1 3.42 0.071 L 0.00 1 0.01 0.916 
P 0.02 1 5.94 0.019 P 0.00 1 1.87 0.179 P 0.04 1 4.46 0.041 
N 0.51 1 159.52 <0.001 N 0.00 1 5.63 0.022 N 0.00 1 0.34 0.562 
blk 0.03 5 2.13 0.079 blk 0.00 5 0.93 0.470 blk 0.19 5 4.17 0.004 
E:L 0.00 1 0.26 0.612 E:L 0.00 1 0.20 0.654 E:L 0.01 1 1.10 0.301 
E:P 0.00 1 0.58 0.451 E:P 0.00 1 1.29 0.263 E:P 0.00 1 0.51 0.479 
L:P 0.00 1 0.26 0.612 L:P 0.00 1 1.37 0.249 L:P 0.00 1 0.11 0.747 
E:L:P 0.00 1 0.85 0.361 E:L:P 0.00 1 1.38 0.247 E:L:P 0.01 1 0.76 0.388 
E:L:P:N 0.05 1 15.09 <0.001 E:L:P:N 0.00 1 1.72 0.197 E:L:P:N 0.00 1 0.21 0.652 
Residuals 0.14 45 
  
Residuals 0.00 42 
  
Residuals 0.36 40 
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Table S6, continued            
 2001   2004   2007  
Nitrogen-
fixing 
perennial SS df F ratio p 
Nitrogen-
fixing 
perennial SS df F ratio p 
Nitrogen-
fixing 
perennial SS df F ratio p 
E - - - - E 0.00 1 0.65 0.425 E 0.00 1 0.04 0.840 
L - - - - L 0.00 1 1.01 0.320 L 0.00 1 4.61 0.038 
P - - - - P 0.00 1 1.01 0.320 P 0.00 1 0.10 0.748 
N - - - - N 0.00 1 4.58 0.038 N 0.00 1 0.00 1.000 
blk - - - - blk 0.00 5 0.95 0.462 blk 0.00 5 1.36 0.260 
E:L - - - - E:L 0.00 1 0.01 0.922 E:L 0.00 1 0.00 0.957 
E:P - - - - E:P 0.00 1 0.01 0.922 E:P 0.00 1 1.56 0.218 
L:P - - - - L:P 0.00 1 0.01 0.922 L:P 0.00 1 0.00 0.981 
E:L:P - - - - E:L:P 0.00 1 0.56 0.459 E:L:P 0.00 1 2.58 0.116 
E:L:P:N - - - - E:L:P:N 0.00 1 5.09 0.029 E:L:P:N 0.00 1 0.00 1.000 
Residuals - - - - Residuals 0.00 42 
  
Residuals 0.00 40 
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Table S7.  ANOVA tables for the absolute abundances of key species in 2001, 2004, and 2007.  Significant effects (p-value < 0.05) 
are bolded while non-significant trends (0.05 < p-value < 0.1) are italicized.  All data were ln+1 transformed to help meet assumptions 
of normality and heteroscedasticity.  Species’ abbreviations follow Table S1. 
 
 2001   2004   2007  
 
Brom.ma SS df F ratio p Brom.ma SS df F ratio p Brom.ma SS df F ratio p 
E 0.01 1 6.58 0.014 E 0.42 1 14.86 <0.001 E 0.68 1 50.20 <0.001 
L 0.00 1 0.63 0.432 L 0.12 1 4.08 0.050 L 0.00 1 0.16 0.695 
P 0.00 1 1.30 0.260 P 0.07 1 2.30 0.137 P 0.00 1 0.00 0.988 
N 0.00 1 0.00 0.989 N 0.13 1 4.42 0.042 N 0.01 1 0.82 0.371 
blk 0.01 5 1.79 0.135 blk 0.94 5 6.62 <0.001 blk 0.22 5 3.28 0.014 
E:L 0.00 1 0.05 0.825 E:L 0.05 1 1.93 0.173 E:L 0.01 1 0.46 0.502 
E:P 0.00 1 1.73 0.195 E:P 0.11 1 3.71 0.061 E:P 0.04 1 3.10 0.086 
L:P 0.00 1 0.24 0.626 L:P 0.03 1 0.92 0.342 L:P 0.01 1 0.42 0.519 
E:L:P 0.00 1 0.19 0.668 E:L:P 0.02 1 0.59 0.449 E:L:P 0.01 1 0.81 0.373 
E:L:P:N 0.00 1 0.64 0.428 E:L:P:N 0.03 1 1.11 0.298 E:L:P:N 0.03 1 2.02 0.163 
Residuals 0.06 45 
  
Residuals 1.19 42 
  
Residuals 0.54 40 
   
Plan.er SS df F ratio p Plan.er SS df F ratio p Plan.er SS df F ratio p 
E 2.10 1 327.83 <0.001 E 0.03 1 2.52 0.120 E 0.16 1 21.08 <0.001 
L 0.00 1 0.10 0.754 L 0.01 1 0.64 0.430 L 0.00 1 0.02 0.891 
P 0.01 1 1.82 0.184 P 0.02 1 1.52 0.224 P 0.02 1 2.84 0.100 
N 0.03 1 4.52 0.039 N 0.10 1 7.38 0.010 N 0.02 1 2.56 0.118 
blk 0.0 5 2.23 0.068 blk 0.62 5 9.17 <0.001 blk 0.06 5 1.52 0.206 
E:L 0.00 1 0.36 0.550 E:L 0.00 1 0.10 0.749 E:L 0.00 1 0.63 0.550 
E:P 0.00 1 0.29 0.596 E:P 0.02 1 1.14 0.292 E:P 0.02 1 2.45 0.125 
L:P 0.00 1 0.22 0.642 L:P 0.00 1 0.01 0.919 L:P 0.02 1 2.48 0.123 
E:L:P 0.00 1 0.16 0.692 E:L:P 0.0 1 3.19 0.081 E:L:P 0.01 1 0.76 0.390 
E:L:P:N 0.03 1 4.52 0.039 E:L:P:N 0.01 1 0.58 0.450 E:L:P:N 0.01 1 1.59 0.215 
Residuals 0.29 45 
  
Residuals 0.57 42 
  
Residuals 0.30 40 
  
 




Table S7, continued             
 2001   2004   2007  
 
Last.ca SS df F ratio p Last.ca SS df F ratio p Last.ca SS df F ratio p 
E 0.33 1 34.99 <0.001 E 0.04 1 18.14 <0.001 E 0.00 1 0.34 0.563 
L 0.00 1 0.52 0.473 L 0.00 1 1.10 0.301 L 0.00 1 0.04 0.541 
P 0.02 1 2.40 0.128 P 0.01 1 2.32 0.135 P 0.00 1 0.05 0.819 
N 0.00 1 0.15 0.698 N 0.00 1 0.82 0.371 N 0.00 1 0.61 0.440 
blk 0.02 5 0.46 0.801 blk 0.02 5 1.37 0.255 blk 0.00 5 1.30 0.281 
E:L 0.00 1 0.11 0.740 E:L 0.00 1 0.47 0.497 E:L 0.00 1 0.21 0.651 
E:P 0.03 1 3.14 0.083 E:P 0.01 1 2.81 0.101 E:P 0.00 1 3.95 0.054 
L:P 0.01 1 0.91 0.346 L:P 0.00 1 1.38 0.246 L:P 0.00 1 0.06 0.811 
E:L:P 0.01 1 1.45 0.235 E:L:P 0.00 1 0.62 0.435 E:L:P 0.00 1 0.02 0.886 
E:L:P:N 0.00 1 0.24 0.624 E:L:P:N 0.00 1 0.46 0.503 E:L:P:N 0.00 1 2.61 0.114 
Residuals 0.42 45 
  
Residuals 0.10 42 
  
Residuals 0.01 40 
   
Loli.mu SS df F ratio p Loli.mu SS df F ratio p Loli.mu SS df F ratio p 
E 0.04 1 3.78 0.058 E 0.00 1 0.13 0.719 E 0.00 1 0.24 0.629 
L 0.02 1 2.01 0.163 L 0.02 1 4.94 0.032 L 0.02 1 1.76 0.193 
P 0.02 1 2.01 0.163 P 0.01 1 2.62 0.113 P 0.02 1 2.14 0.151 
N 0.00 1 0.00 0.960 N 0.00 1 0.00 0.982 N 0.04 1 3.59 0.065 
blk 0.05 5 0.98 0.440 blk 0.02 5 1.18 0.334 blk 0.36 5 6.26 <0.001 
E:L 0.02 1 2.42 0.127 E:L 0.01 1 3.41 0.072 E:L 0.00 1 0.17 0.681 
E:P 0.02 1 2.42 0.127 E:P 0.00 1 0.98 0.327 E:P 0.05 1 4.82 0.034 
L:P 0.02 1 2.42 0.127 L:P 0.00 1 0.95 0.335 L:P 0.08 1 6.87 0.012 
E:L:P 0.03 1 2.83 0.099 E:L:P 0.00 1 0.00 0.984 E:L:P 0.00 1 0.29 0.594 
E:L:P:N 0.00 1 0.00 0.960 E:L:P:N 0.00 1 0.00 0.954 E:L:P:N 0.03 1 2.99 0.091 
Residuals 0.44 45 
  
Residuals 0.16 42 
  
Residuals 0.46 40 
   
 
 




Table S7, continued            
 2001   2004   2007  
 
Lotu.su SS df F ratio p Lotu.su SS df F ratio p Lotu.su SS df F ratio p 
E 0.00 1 0.62 0.436 E 0.00 1 0.06 0.813 E 0.00 1 0.24 0.624 
L 0.01 1 3.95 0.053 L 0.00 1 5.46 0.024 L 0.00 1 0.44 0.512 
P 0.01 1 4.55 0.038 P 0.00 1 0.18 0.678 P 0.00 1 1.16 0.288 
N 0.44 1 157.80 <0.001 N 0.00 1 6.63 0.014 N 0.00 1 0.69 0.411 
blk 0.03 5 2.00 0.096 blk 0.00 5 1.43 0.235 blk 0.00 5 0.35 0.877 
E:L 0.00 1 0.24 0.628 E:L 0.00 1 0.71 0.404 E:L 0.00 1 5.41 0.025 
E:P 0.00 1 0.39 0.536 E:P 0.00 1 3.70 0.061 E:P 0.00 1 0.04 0.846 
L:P 0.00 1 0.24 0.628 L:P 0.00 1 1.89 0.177 L:P 0.00 1 1.59 0.215 
E:L:P 0.00 1 0.65 0.424 E:L:P 0.00 1 0.57 0.453 E:L:P 0.00 1 2.20 0.146 
E:L:P:N 0.03 1 12.37 0.001 E:L:P:N 0.00 1 2.22 0.144 E:L:P:N 0.00 1 0.02 0.887 
Residuals 0.12 45 
  
Residuals 0.02 42 
  
Residuals 0.01 40 
   
Nass.pu SS df F ratio p Nass.pu SS df F ratio p Nass.pu SS df F ratio p 
E 0.03 1 7.02 0.011 E 0.00 1 0.79 0.378 E 0.00 1 0.00 0.985 
L 0.17 1 44.48 <0.001 L 0.01 1 2.11 0.154 L 0.00 1 2.45 0.126 
P 0.94 1 244.11 <0.001 P 0.07 1 27.01 <0.001 P 0.01 1 16.77 <0.001 
N 0.01 1 3.85 0.056 N 0.00 1 0.22 0.638 N 0.00 1 2.54 0.119 
blk 0.03 5 1.61 0.177 blk 0.02 5 1.23 0.313 blk 0.01 5 2.90 0.025 
E:L 0.08 1 19.87 <0.001 E:L 0.00 1 0.17 0.680 E:L 0.00 1 1.59 0.215 
E:P 0.06 1 15.07 <0.001 E:P 0.00 1 0.12 0.735 E:P 0.00 1 4.11 0.049 
L:P 0.22 1 57.81 <0.001 L:P 0.01 1 3.59 0.065 L:P 0.00 1 1.43 0.239 
E:L:P 0.12 1 30.33 <0.001 E:L:P 0.00 1 0.00 0.987 E:L:P 0.00 1 1.05 0.311 
E:L:P:N 0.01 1 3.85 0.056 E:L:P:N 0.00 1 0.36 0.552 E:L:P:N 0.00 1 2.68 0.110 
Residuals 0.17 45 
  





          
 
 




Table S7, continued            
 2001   2004   2007  
 
Caly.mu SS df F ratio p Caly.mu SS df F ratio p Caly.mu SS df F ratio p 
E 0.00 1 0.61 0.437 E 0.01 1 3.47 0.070 E 0.00 1 0.98 0.328 
L 0.02 1 10.93 0.002 L 0.05 1 19.27 <0.001 L 0.00 1 1.32 0.258 
P 0.02 1 10.29 0.002 P 0.03 1 10.23 0.003 P 0.01 1 5.38 0.026 
N 0.00 1 1.44 0.237 N 0.00 1 0.02 0.890 N 0.00 1 2.59 0.116 
blk 0.00 5 0.33 0.891 blk 0.01 5 0.80 0.557 blk 0.01 5 1.61 0.179 
E:L 0.00 1 0.45 0.507 E:L 0.00 1 0.78 0.383 E:L 0.00 1 0.01 0.942 
E:P 0.00 1 0.08 0.782 E:P 0.00 1 0.36 0.554 E:P 0.00 1 3.36 0.074 
L:P 0.01 1 2.61 0.113 L:P 0.01 1 6.05 0.018 L:P 0.00 1 2.15 0.151 
E:L:P 0.00 1 0.18 0.673 E:L:P 0.00 1 0.47 0.497 E:L:P 0.00 1 0.25 0.620 
E:L:P:N 0.00 1 0.35 0.556 E:L:P:N 0.00 1 0.06 0.804 E:L:P:N 0.00 1 1.75 0.193 
Residuals 0.10 45 
  
Residuals 0.10 42 
  
Residuals 0.04 40 
   
Cent.so SS df F ratio p Cent.so SS df F ratio p Cent.so SS df F ratio p 
E 0.01 1 11.27 0.002 E 0.00 1 3.38 0.073 E 0.00 1 0.55 0.464 
L 0.03 1 33.28 <0.001 L 0.00 1 0.39 0.535 L 0.00 1 2.06 0.159 
P 0.00 1 5.10 0.029 P 0.00 1 0.21 0.653 P 0.00 1 0.77 0.384 
N 0.00 1 0.00 0.952 N 0.00 1 0.01 0.925 N 0.00 1 0.31 0.584 
blk 0.01 5 1.27 0.295 blk 0.00 5 0.94 0.463 blk 0.00 5 0.36 0.875 
E:L 0.01 1 9.64 0.003 E:L 0.00 1 1.82 0.185 E:L 0.00 1 0.48 0.492 
E:P 0.00 1 0.02 0.884 E:P 0.00 1 1.55 0.220 E:P 0.00 1 0.53 0.471 
L:P 0.00 1 4.35 0.043 L:P 0.00 1 0.37 0.546 L:P 0.00 1 0.39 0.535 
E:L:P 0.00 1 0.02 0.894 E:L:P 0.00 1 0.21 0.649 E:L:P 0.00 1 0.04 0.841 
E:L:P:N 0.00 1 0.00 0.952 E:L:P:N 0.00 1 0.00 0.993 E:L:P:N 0.00 1 0.93 0.341 
Residuals 0.04 45 
  
Residuals 0.00 42 
  
Residuals 0.00 40 
           
 
 




Table S7, continued             
 2001   2004   2007  
 
Epil.br SS df F ratio p Epil.br SS df F ratio p Epil.br SS df F ratio p 
E 0.01 1 28.75 <0.001 E 0.00 1 3.03 0.089 E 0.00 1 1.03 0.315 
L 0.00 1 2.54 0.118 L 0.00 1 0.01 0.910 L 0.00 1 2.81 0.101 
P 0.00 1 14.53 <0.001 P 0.00 1 3.00 0.090 P 0.00 1 2.90 0.096 
N 0.00 1 7.34 0.009 N 0.00 1 0.38 0.539 N 0.00 1 0.01 0.906 
blk 0.00 5 1.00 0.428 blk 0.00 5 4.09 0.004 blk 0.00 5 1.00 0.433 
E:L 0.00 1 2.77 0.103 E:L 0.00 1 1.05 0.312 E:L 0.00 1 1.44 0.238 
E:P 0.00 1 13.84 0.001 E:P 0.00 1 1.13 0.294 E:P 0.00 1 0.77 0.386 
L:P 0.00 1 6.34 0.015 L:P 0.00 1 0.57 0.456 L:P 0.00 1 2.29 0.138 
E:L:P 0.00 1 0.16 0.694 E:L:P 0.00 1 1.91 0.175 E:L:P 0.00 1 0.51 0.481 
E:L:P:N 0.00 1 4.15 0.048 E:L:P:N 0.00 1 1.93 0.172 E:L:P:N 0.00 1 0.04 0.843 
Residuals 0.01 45 
  
Residuals 0.01 42 
  
Residuals 0.00 40 
   
Hemi.co SS df F ratio p Hemi.co SS df F ratio p Hemi.co SS df F ratio p 
E 0.01 1 3.57 0.065 E 0.01 1 5.85 0.020 E 0.00 1 2.53 0.120 
L 0.18 1 48.42 <0.001 L 0.07 1 28.14 <0.001 L 0.01 1 19.74 <0.001 
P 0.00 1 0.32 0.577 P 0.00 1 0.20 0.659 P 0.00 1 0.25 0.622 
N 0.00 1 0.42 0.523 N 0.00 1 0.44 0.513 N 0.00 1 3.38 0.074 
blk 0.05 5 2.48 0.046 blk 0.02 5 1.64 0.172 blk 0.00 5 1.77 0.141 
E:L 0.01 1 2.06 0.158 E:L 0.01 1 2.75 0.104 E:L 0.00 1 6.11 0.018 
E:P 0.00 1 0.14 0.711 E:P 0.01 1 2.81 0.101 E:P 0.00 1 0.18 0.673 
L:P 0.00 1 0.04 0.837 L:P 0.00 1 0.00 0.949 L:P 0.00 1 0.47 0.498 
E:L:P 0.00 1 0.41 0.524 E:L:P 0.01 1 2.76 0.104 E:L:P 0.00 1 0.14 0.712 
E:L:P:N 0.00 1 0.42 0.523 E:L:P:N 0.00 1 0.27 0.603 E:L:P:N 0.00 1 0.40 0.530 
Residuals 0.17 45 
  
Residuals 0.11 42 
  
Residuals 0.02 40 
           
 
 




Table S7, continued            
 2001   2004   2007  
 
Less.mi SS df F ratio p Less.mi SS df F ratio p Less.mi SS df F ratio p 
E 0.13 1 14.88 <0.001 E 0.02 1 2.75 0.105 E 0.00 1 0.33 0.569 
L 4.04 1 468.88 <0.001 L 0.06 1 7.39 0.010 L 0.03 1 5.31 0.026 
P 0.02 1 2.49 0.121 P 0.00 1 0.56 0.460 P 0.00 1 0.30 0.588 
N 0.00 1 0.41 0.525 N 0.00 1 0.39 0.535 N 0.00 1 0.22 0.638 
blk 0.10 5 2.33 0.058 blk 0.23 5 5.81 <0.001 blk 0.14 5 5.07 0.001 
E:L 0.18 1 21.11 <0.001 E:L 0.00 1 0.29 0.590 E:L 0.00 1 0.26 0.613 
E:P 0.05 1 6.07 0.018 E:P 0.00 1 0.01 0.934 E:P 0.01 1 0.96 0.333 
L:P 0.00 1 0.09 0.766 L:P 0.01 1 1.60 0.213 L:P 0.00 1 0.29 0.595 
E:L:P 0.01 1 1.13 0.293 E:L:P 0.00 1 0.57 0.455 E:L:P 0.00 1 0.21 0.649 
E:L:P:N 0.00 1 0.41 0.525 E:L:P:N 0.00 1 0.28 0.601 E:L:P:N 0.01 1 2.32 0.135 
Residuals 0.39 45 
  
Residuals 0.34 42 
  
Residuals 0.23 40 







   
 







Figure S1.  Monthly rainfall totals throughout the three focal years of the study.  Yearly totals 
were 214.6mm  (2001), 323.3mm (2004), and 226.9mm (2007).  Data were collected from 
the California Irrigation Management Information System (CIMIS) weather station near the 
































Figure S2.  Results from quadratic (a), power (b), negative exponential (c), linear (d), and 
two-part linear (e) regression models for both species ("Spp.", asterisks) and functional group 
("FG", triangles) dissimilarity over the study period.  Dissimilarity was calculated across 
treatments within each block using Bray-Curtis dissimilarity index.  Akaike Information 
Criterion (AIC) values for the two-part linear regressions are not comparable to those of 













Spp. Quadratic Y=0.022x2+-0.208x+0.931 <0.001 0.72 -107.19 
Spp. Power Y=0.723x-0.26 <0.001 0.49 -90.33 
Spp. Negative exponential Y=0.705e-.072x <0.001 0.32 -73.59 
Spp. Linear Y= -0.034x+0.67 <0.001 0.31 -70.71 
Spp. Two-part (2001-2004) Y = -0.11x + 0.84 <0.001 0.80 ----- 
Spp. Two-part (2004-2007) Y = 0.03x + 0.322    0.03 0.16 ----- 
FG Quadratic Y=0.018x2+-0.192+0.688 <0.001 0.76 -108.72 
FG Power Y=0.528x-0.58 <0.001 0.65 -111.41 
FG Negative exponential Y=0.584e-0.21x <0.001 0.54 -91.748 
FG Linear Y= -0.05x+0.47 <0.001 0.53 -79.78 
FG Two-part (2001-2004) Y= -0.12x + 0.62 <0.001 0.89 ----- 
FG Two-part (2004-2007) Y = 0.004x+ 0.18    0.73 0.04 ----- 
A. 
 















Figure S3. Species (asterisks) and functional (triangles) dissimilarity within each   
experimental block (a-f) throughout the study period.  Dissimilarity was calculated 





















































































Figure S4. Two-part linear regression of average Bray-Curtis dissimilarity in species 
composition (asterisks) and functional composition (triangles), omitting plots 
colonized by vine species in Block 5 and all of Block 6.  Dissimilarity values were 













Species 2001-2004 y = -0.11x + 0.84 <0.001 0.87 
Species 2004-2007 y = +0.03x + 0.31 0.010 0.26 
Functional 2001-2004 y = -0.08x + 0.47 <0.001 0.88 
Functional 2004-2007 y = -0.01x + 0.23 0.047 0.16 
 




Figure S5.  Absolute abundances (mean +/- SE) of functional groups in 2001, 2004, and 
2007.  Treatment represents the presence (+) or absence (-) of early annual (E) and late 
annual (L) or early annual (E) and mid-perennial (P) functional groups in the original 
planting. -E-L (white) contains B, N, and P treatments; +E-L (dark gray) contains E and EP 
treatments; -E+L (light gray) contains L and LP treatments; +E+L (hatched) contains EL, 
ELP, and ELPN treatments; -E-P (white) contains B, L, and N treatments; +E-P (dark gray) 
contains E and  EL treatments; -E+P (light gray) contains P and LP treatments; +E+P 
(hatched) contains EP, ELP, and ELPN treatments.  Note differences in y-scale among 
panels.  Cases without sufficient data to perform ANOVA are marked with an asterisk. 
Treatments with the same letter are not significantly different from one another within a 
given year (p > 0.05).  Statistics in Table S6. 
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Figure S6.  Absolute abundances (mean +/- SE) of key species in 2001, 2004, and 2007.  
Treatment represents the presence (+) or absence (-) of early annual (E) and late annual (L) 
or early annual (E) and mid-perennial (P) functional groups in the original planting.  
Treatment designations as in Figure S5.  Statistics in Table S7. 
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